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(57) ABSTRACT 

A voltage regulator has an input terminal, an output 
terminal, a first transistor to intermittently fonn an electrical 
circuit between the input terminal and the output terminal, a 
rectifier connecting an intermediate terminal in the electrical 
circuit between the input terminal and the output terminal lo 
ground, a controller that drives the first transistor, and a 
capacitorless filter. Capacitance for the filter function can be 
provided by a capacitor, e.g., the input capacitor of the load, 
located in the load chip or on the same printed circuit board 
as the load chip. The capacitorless filter can include an 
inductor connected between the intermediate terminal and 
the output terminal, or the inductance can be provided by 
parasitic effects in the connections between the voltage 
regulator and load. 

27 Claims, 3 Drawing Sheets 
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SWITCHING REGULATOR WITH 
CAPACITANCE NEAR LOAD 

BACKGROUND 

The present inventioa relates generally to voltage regu- 
lators. 

Voltage regulators, such as DC to DC converters, are used 
to provide stable voltage sources for electronic systems. 
Efficient DC to DC converters are particularly needed for 
battery management in low power devices, such as laptop 
notebooks and celhilar phones. Switching voltage regulators 
(or simply "switching regulators") are known to be an 
eflScient type of DC to DC converter. A switching regulator 
generates an output voltage by converting an input DC 
voltage into a high frequency voltage, and filtering the high 
frequency voltage to generate the output DC voltage. 
Specifically, the switching regulator includes one or more 
switches to alternately couple and decouple an unregulated 
input DC voltage source, such as a battery, to a load, such 
as an integrated circuit. An output filter, typically including 
an inductor and a capacitor, is coupled between the input 
voltage source and the load to filler the output of the switch 
and thus provide the output DC voltage. A controller, such 
as a pulse width modulator or a pulse frequency modulator, 
controls the switches to maintain a substantially constant 
output DC voltage. 

There is a shift to smaller inductors in switching regulator 
filters in order to increase switching regulator speed. 
Unfonunaiely, one problem is that the impedance of the 
filter elements in the switching regulator is becoming so 
small that parasitic impedance, e.g., parasitic inductance in 
the connection elements between the voltage regulator and 
the load, can adversely affect the switching regulator per- 
formance. A typical connection between the switching regu- 
lator and load can include a first socket in which the 
switching regulator is mounted, a second socket in which a 
processor or memory chip is mounted, and a trace between 
the first and second sockets. Each of these elements con- 
tributes to the parasitic inductance of the connection. When 
the parasitic inductance of the connection is combined with 
the input capacitor in the load and the filter capacitor in the 
switching regulator, a CLC network can be formed. This 
CLC network is a source of instabiUty in the switching 
regulator performance. 

In addition, the drive to high performance computers will 
result in devices that require faster shifts and shifts of larger 
magnitude in the load current. Consequently, switching 
regulators with higher reaction speed to changes in the load 
current will be needed. 

SUMMARY 

In one aspect, the invention is directed to a voltage 
regulator having an input tcnninal, an output terminal, a first ss 
transistor to intermittently form an electrical circuit between 
the input terminal and the output terminal, a rectifier con- 
necting an intermediate terminal in the electrical circuit 
between the input terminal and the output terminal to 
ground, a controller that drives the first transistor, and a 
capacitorless filler. The capacitorless filter includes an 
inductor connected between the intermediate terminal and 
the output terminal. 

Implementations of the invention may include the follow- 
ing features. The rectifier may include a second transistor, 
and the controller may drive the first and second transistors 
to alternately couple the intermediate terminal between the 



input terminal and ground. The first transistor may be a 
PMOS transistor, and the second transistor may be an 
NMOS u-ansistor. The voltage regulator may be a buck 
converter, a boost converter, or a buck-boost converter. 
S In another aspect, the invention is directed to an electronic 
device that includes a voltage regulator and a load. The 
voltage regulator has an input terminal to couple to a voltage 
source and an output terminal, a first transistor to intermit- 
tently form an elccU^ical circuit between the input terminal 
10 and the output terminal, a rectifier coupling an intermediate 
tcnninal in the electrical circuit between the input terminal 
and the output terminal to ground, a controller that drives the 
first transistor, and a capacitorless filter including an mduc- 
tor coupled between the intermediate terminal and the output 
tentninal. The load has elements coupled to the output 
temiinal and an input capacitor between the output terminal 
and ground. In conjunaion with the inductor of the voltage 
regulator, the input capacitor provides a filter so that the 
voltage to the elements of the load remains substantially 
constant. 

Implementations of the invention may include the follow- 
ing features. At least a portion of the voltage regulator may 
be fabricated on a first chip and at least a portion of the load 
may be fabricated on a second chip. The first and second 
chips may be mounted on a printed circuit board, and the 
input capacitor may be mounted on the printed circuit board. 
The first chip may be mounted on a first printed circuit 
board, the second chip may be mounted on a second printed 
circuit board. The first printed circuit board may be mounted 
on the second printed circuit board, or the second printed 
circuh board may be mounted on the first printed circuit 
board, or the first and second printed circuit boards may be 
mounted on a third printed circuit board. The input capacitor 
may be mounted on the first printed circuit board, the second 
printed circuit board or the third printed circuit board, or 
fabricated in the second chip. 

In another aspect, the invention is directed to an electronic 
device that has a voltage regulator, a load and a capacitor. 
The voltage regulator includes an input terminal to couple to 
a voltage source and an output terminal, a first transistor to 
intermittently form an electrical circuit between the input 
terminal and the output terminal fabricated on a plurality of 
first integrated circuit (IC) chips, a rectifier coupling an 
intermediate terminal in the electrical circuit between the 
input terminal and the output terminal to ground, and a 
controller that drives the first transistor. The load is fabri- 
cated at least partially on a second integrated circuit (IC) 
chip that receives power from the output terminal of the 
voltage regulator. The capacitor is located near the second 
IC chip that provides the necessary capacitance to filter 
current entering the load and create a substantially DC 
voltage at the load. 

Implementations of the invention may include the follow- 
ing features. The plurality of first IC chips may be located on 
a first printed circuit board and the second IC chip may be 
located on a second printed circuit board. A current summing 
node to sum current from the plurality of first IC chips may 
be located on the first printed circuit board, or the current 
summing node can be located off the first printed circuit 
board. ^ 

In another aspect, the invention is directed to an electronic 
device that has a voltage regulator, an electrical connector 
having a parasitic inductance, and a load. The voltage 
regulator has an input terminal to couple to a voltage source 
and an output temiinal, a first transistor to intenoaittently 
form an electrical circuit between the input terminal and the 
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output tenninal, a rectifier coupling an intennediate tenninal thereby enhaociog the speed with which the switching 

in the electrical dicuit between the iqiut tenninal and the regulator can react to changes in the load current. By 

output terminal to ground, and a controller that drives the eliminating the filter capacitor from the voltage regulator 

first transistor. The load has active elements coupled by the side, creation of a CLC network can be avoided, and the 

electrical cormcctor to the output terminal, the load further 5 stability of the switching regulator can be improved. In 

including an input capacitor between the ou^ui terminal and addition, the feedback control path can be simpler and more 

ground, wherein in conjunction with the parasitic inductance stabig switching regulator and load can be located in 

of the electrical connector, the input capacitor provides a different modules separated by sockets. All of the output 

filter so that the voltage to the acUve elements of the load capacitance elements may be located in the load module, and 

remains substantially constant. ^^^^ ^^ ^ ^^^^^ ^^ gltcr out very fast 

Implementations of the mvention may mclude the follow- ^^^n, transients. The switching regulator can be manufac- 

ing features. At least a portion of the voltage regulator may ^ured at lower cost by placing the capacitance at the load, 

be fabricated on a first chip and at least a portion of the load rt,. ^ „„j 

, , . ^. e Other features and advantages of the invention will 

may be fabricated on a second chip. At a kj^t a portion of ^^^^^ ^^^^ description, including 

the parasitic inductance may be provided by traces on a ^5 ^^^^^ ^ ^^^^^ f 

printed cu-cuit board. The second chip may be mounted on ^ 

a printed circuit board, and at least a portion of the parasitic BRIEF DESCRIPTION OF THE DRAWINGS 
inductance may be provided by a connector between the 

second chip and the printed circuit board. The first chip may FIG. 1 is a block diagram of a switching regulator, 

be mounted on a first printed circuit board, the second chip 20 FIG. 2 is a block diagram of an electronic device that 

may be mounted on a second printed circuit board, and at includes the switching regulator of FIG. 1. 

least a portion of the parasitic inductance may be provided piG. 3 is a block diagram of an electronic device in which 

by a comieclor between the first and second pnnted circuit ^j,^ summing node for multiple power switch chips is located 

on the motherboard. 

In another aspect, the invention is directed to an electronic ^ p,^ ^ ^ ^ ^^^^^ ^. ^ ^^^^^ . j^^^^ ^ 

device that has a voltage regulator, a load aiid a capacitor. ^^.^^ inductance is provided by connection! be^veen the 

The vohage regulator has an input terminal to couple to a ^ ^^^^ ^^J 

voltage source and an output lermmal, a first transistor to ^. j- 

intermittently form an electrical circuit between the input F'GS. 5A-5D arc block diagrams of an electronic device 

terminal and the output terminal fabricated on a first inte- 30 ^ w^^^? «>™«^ «^ power switch chips and/or some of the 

grated circuit (IQ chip that is mounted on a first printed 1°^^ ""^'P^ l°"ted on the motherboard 

circuit board, a rectifier coupling an intermediate terminal in DETAILED DESCRIPTION 
the electrical circuit between the input terminal and the 

output terminal to ground, and a controller that drives the Referring to FIG. 1, a switching regulator 10 is coupled to 
first transistor. The load is fabricated at least partially on a 35 an unregulated first DC input voltage source 12, such as a 
second integrated circuit (IC) chip that is mounted on a battery, by an input terminal 20. The switching regulator 10 
second printed circuit board, and the load receives power is also coupled to a load 14, such as an integrated circuit, by 
from the output terminal of the voltage regulator. The an output terminal 24. The switching regulator 10 serves as 
capacitor is located on the second printed circuit board and a DC-to-DC converter between the input terminal 20 and the 
provides, in conjunction with inductance located between 40 output terminal 24. The switching regulator 10 includes a 
the input node and the load, a filter that creates a subslan- switching circuit 16 which serves as a power switch for 
tially DC voltage at the load. alternately coupling and decoupling the input terminal 20 to 
Implementations of the invention may include the follow- an intermediate terminal 22. The switching circuit 16 
ing features. The controller may be at least partially fabri- includes a rectifier, such as a switch or diode, coupling the 
cated on a third integrated (IC) circuit chip. The capacitor 45 intermediate terminal 22 to ground. Specifically, the switch- 
may be an input capacitor for the second IC chip. The ing circuit 16 may include a first transistor 40 having a 
capacitor may be selected to ensure that the input capacitor source connected to the input terminal 20 and a drain 
can effectively shunt sufficient current that the voltage connected to the ioterraediate terminal 22 and a second 
across the load remains substantially constant. The indue- transistor 42 having a source connected to ground and a 
tanoe may be provided by an inductor coupled between the 50 drain connected to the intermediate terminal 22. The first 
input terminal and the output terminal of the switching transistor 40 may be a P-typeMOS (PMOS) device, whereas 
regulator, and the inductor in the filter may be supplemented the second transistor 42 may be an N-type MOS (NMOS) 
by a parasitic inductance in a connection between the output device. 

terminal and the local capacitor. The inductance may be The intermediate terminal 22 is coupled to the output 

provided by a parasitic inductance in a connection between ss terminal 24 by ao output filter 26. In combination with the 

the output tenninal and the local capacitor. The parasitic capacitance (represented by a phantom capacitor 48) of 

inductance may occur in a connection between the second electronic elements outside the switching regulator 10, the 

IC chip and the second printed circuit board, in a connection output filter 26 converts the rectangular waveform of the 

between the fiist IC chip and the first printed circuit board, intermediate voltage at the intermediate terminal 22 into a 

or in a connection between the first printed circuit board and 60 substantially DC output voltage at the load 14. Specifically, 

the second printed circuit board. in a buck-converter topology, the output filter 26 includes an 

Advantages of the invention may include the following. inductor 44 rannected between the intermediate terminal 22 

The capacitive elements of the switching regulator filter, i.e., and the output terminal 24. The inductance of the inductor 

the output capacitor elements, can be located entirely on the 44 may be supplemented by the parasitic inductance 

motherboard, on a peripheral board 00 which the load chip 65 (represented by impedance box 46) of the connection 

is mounted, or in the load chip itself. This reduces the between the output terminal 24 and the input capacitor 48. 

parasitic impedance between the capacitors and the bad, The combination of the inductor 44 and the parasitic induc- 
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tanoe 46 provides ihe energy storage function required by boards 56 and 62 with conventional techniques, such as wire 

the switching regulator. Thus, the inductance of the inductor bonds, ball grid arrays and mounting sockets. The voltage 

44 should be selected so that, when combined with the regulator IC chips 54 are connected to a power terminal 68 

parasitic inductance 46, it provides sufficient inductance to ihat can be coupled to a wall socket, e.g., by an AC to DC 

provide the energy storage function. 5 converter, or to a battery 10 serve as the input voltage source 

Unlike a standard buck-oonveiter, the output filter 26 of 12. In the implementation shown with multiple power 

the switching regulator 10 docs not include an output switch chips 55i>, the current summing node 72 is located on 

capacitor connected in parallel with the load 14. SpccificaUy, voltage regulator board 56. This eliminates the need for 

the capacitance needed for the filtenng function can be ^ pin on the socket 58 for each power switch chip 55f> to 

located on the molheiboard, on a peripheral board on which ,q ^^^^ oyxt^Mi current connecting the voltage regulator 

the load chips are mounted, or in the IC chip or chips that bo^rd 56 to the motherboard 52. 

constitule the load 14. Specifically, the switching regulator AltemaUvely, as shown in FIG. 3, in an implementaUon 

10 uses capacitance of the mput capacitor(s) m the load ^.^^^ ^ ^^^^^ ^^^^ 
(represented by phamom capacitor 48) to provide the capaa- 

can be located on the motherboard 52. This requires 

tancc needed for Che filtermg function. In fact, the capaci- ,5 ^ ^^.^^j^ 5^^. ^ 

tance of the input capacitor 48 in the load 14 can be J ^^^^ 

increased beyond what would normally be specified for the ^otheAoaid 52 and the structure of the socket pins can be 

load to ensure that the input capacitor can effectively shunt ^^^^^ ^ ^^^^ ^^^^ ^^^^ ^j^^^. 

current so that the voltage across the active elements of the parasitic inductance 

load (represented by phantom impedance box 49) remains ^ J; j. 

substantiaUy constant. Consequen.ly. none of the oulput Th« switching regulator 10 is fabricated at least partially 

capacitance need be located on the same chip or board as the on the voltage regulator IC chips 54. Anything on the 

switching regulator circuitry 10. Since the capacitance of the motherboard or the penpheral boards that is powered by the 

filtering function is closer to the active elements of the load, switchmg regulator 10-c g., the memory and processor chips 

the parasiUc impedance between the filter capacitor and the provides the load 14. The parasitic mductance 46 is 

load is reduced or eliminated, thereby enhancing the speed P™^»ded by the connections between the IC ^1"PS. e.g., the 

with which the switching regulator can react to changes in ^f^^ lead hnes 66, the sockets 58 and 64, the mountmg 

the load current «• - of ^j^g chips on the printed circuit board, or by the parasitic 

r» • n\<rke a,.^' fi-»t :^ inductance within the IC chips 54 and 60 themselves. The 

Durmg a PMOS conduction penod, the first transistor is _/ n u 1 . j .u- .u „ a 

1 -I .u- ^ n « i;„ i„ ik» i«o^ 1/* ujput capacitor(s) can be located within the memory and 

closed, and the source 12 supphes energy to the load 14 and 30 u - ^« .u u j £i 

. . J _^ J,, . .r a * r ' * Aa n processor chips 60, on the processor board 62, or on the 

the inductors 44 and 46 via the first transistor 40. On the ^ . . j *.> 1 «• o-> 

.u k -I ^ . • xn^ifoc ™^,.„t;„„ tk- motherboard 52. One or more feedback Imes 80, 82 may 

other hand, dunng an NMOS conduction penod, the second ^ . , ir^ u- . .u 

. , • 1 J J . ■„ . i-^j k.. .u. connect the memory and processor IC chips 60 to the 

transistor 42 is closed, and energy is supplied by the . „ ,0 • 1. 1 . ir> u ci . • 1 

• A , AA A AC Ai.i,^,.„i, ™;t„i.™„ «.v«.;i ii£ a^A cootroller 18 m the voltage regulator IC chip 54. Electrical 

mductors 44 and 46. Although the switchmg circuit 16 and , . . ,r 1 . tT .u 1. 

. , -11 » . J ■ u.. 1. characteristics of the voltage regulator, such as the voltage 

the output filter 26 are illustrated m a buck converter 35 . . .. u j j ^ . ,Z 

, *^ . . , 1- ui at the mput capacitor, may be measured and passed to the 

topology, the invention IS also applicable to switching regu- . ^ / jl 1 i- oa on 

, r . 11 • t J . . -f controller 18 through the feedback Imcs 80, 82. By moving 

lator topologies that normally include an output capacitor, ^-umiuiivi x« imuu^ « ^ , ' ^ 

L . . ^ * the capacitance of the filtenng function lo the voltage 

such as a boost converter or a buck-boost converter topol- , / *^ . . . . k . .L 

*^ regulator IC chips, the parasiUc impedance between the 

... , , . , J 11 ID f fihering capacitance and the load is reduced. Thus, the speed 

Hie switching regulator also includes a controller 18 for 40 ^^^^ ^j,^ switching regulator can react to changes in 

controUing the operation of the switchmg circuit 16. A first ^^^^^ ^ enhanced. In addition, as previously 

conlro Une 30 o^nnects the PMOS transistor 40 to the ^.^^j^^^ ^^e parasiUc inductance can supplement the 

Ir^n^V ^ ' '° T n ^'t? "°TT ^« inductor 44, thereby permitting the switching regulator to be 

NMOS transistor 42 to the controller 18. The controller 18 ^.^ufactured with a smaller inductor at lower cost, 

causes the switching circuit 16 to alternate between PMOS 45 . . , . , .. . , 

and NMOS conduction periods so as to generate an inter- Since Uie voltage on the ground me at the voltage 

mediate voltage V^, at the intermediate terminal 22 that has regulator board may differ from the voltage on the ground 

a rectangular wavefonn. The controller 18 can include a at the load, e.g.. due to mductance m the load and 

feedback circuit (not shown) which measures the output 8^°""^ hnc^the controUcr 18 m the switching regulator 10 

voltage and the current passing through the load. Although 50 f f^^'J"^}'^^ sensing^ Specifically, the first 

the controller 18 is typically a pulse width modulator, the feedback fine 80 is used to measure the output voltage 

invention is also applicable to other modulation schemes, ^^^^^^ ^^^^back Ime K used to measure the ground 

such as pulse frequency modulation. *\^?f ' Th^ ^^ff^' 

Referring lo FIG. 2, an electronic device 50, e.g., a laptop f/^'^^"^^ AV- V^,-V^,, to control the switching circuit 

computer, can include a first printed circuit board (or 5S • ^ . ^ . , ^ 

motheitoard) 52, one or more voltage regulator IC chips 54 Although the controller can be fabncated entirely on the 

mounted on a second printed circuit board (or voltage controller chips 55a, at least some of the controller "mtel- 

regulator board) 56 that is connected lo the motiwrboard 52 ligpnce" can be fabricated on the power switch chips 556. 

by a first socket 58, and one or more memory and processing For example, the power switch chips 55f> can mclude 

IC chips 60 mounted on a third printed circuit board (or 60 circuitry to interpret commands sent by the controller in the 

processor board) 62 that is connected to the motherboard 52 controUcr chip SSa to determine whether to open or close the 

by a second socket 64. Electrical connections on the printed PMOS and NMOS transistors. 

circuit boards can be formed by traces 66. The voltage Referring to FIG. 4, in another implementation, the 
regulator IC chips 54 can include both controller chips 55fl, switching regulator 10' can be constructed with an "indue- 
on which the controller and feedback system is fabricated, 65 lorless" filter. In this implementation, the parasitic induc- 
and power switch chips 556, on which the switching cir- tance of the connector elements, e.g., the U"aces and sockets, 
cuitry is fabricated. The IC chips can be mounted on the PC provide the necessary inductance for Uie filtering function. 
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The length and layout of the trace on the printed circuit 
boards connecting the voltage regulator chips to the load 
chips can be adjusted to provide a desired inductance. 

Of course, many alternative implementations are possible. 
The power switch of the switching regulator can be fabri- 
cated on a single chip or on multiple chips, and these power 
switch chips can operate in a single phase or multiple phase 
mode. The switching regulator can be implemented as a 
single chip solution in which the power switch(es) and the 
controller are fabricated on the same chip, or a multiple chip 
solution in which Ihc power switch(es) and the controller are 
fabricated on separate chips. As shown in FIG. 5A, some or 
all of the switching regulator diips and/or the load diips cao 
be mounted directly on the motherboard (in which case the 
connection between the motherboard and peripheral board 
might not contribute to the parasitic impedance), instead of 
on peripheral boards. In this case, the load capacitor 48 can 
be located on the peripheral board that has only load chips. 
As shown in FIG. 5B, the regulator chips can be located on 
a peripheral board and the load chips can be mounted on the ^ 
motherboard In this case, the input load capacitor 48 can be 
mounted on the motherboard or located in the load chip(s). 
As shown in FIG. 5C, the regulator chips can be located on 
the motherboard and the load chips can be mounted on a 
peripheral. In this case, the load capacitor 48 can be mounted 25 
on the peripheral board or located in the load chip(s). As 
shown in FIG. 5D, both the regulator chips and the load 
chips can be mounted on the motherboard. In this case, the 
load capacitor 48 can be located in the load chip(s). 

The vohage regulator can include multiple chips located 
on different peripheral boards, and the load can include 
muhiple chips located on different peripheral boards. The 
inductor 44 for the power regulator filter can be mounted to 
one of the voltage regulator chips, to the voltage regulator 
board, or to the motherboard, or part or all of the inductance 
can be provided by parasitic inductance. This parasitic 
inductance can be provided by solder balls, wire bonds, 
socket connections, conductive traces on printed circuit 
boards, and parasitic effects within the memory and proces- 
sor chips. The voltage regulator board 56 and the processor 
board 62 can be mounted on the motherboard 52 by elec- 
trical connections other than sodcets. Although in most 
implementations the active elements of the load function as 
a current sink, the active elements can also function as a 
current source. 

The invention has been described in terms of particular 
embodiments. Other embodiments are within the scope of 
the following claims. 
What is claimed is: 
1. An electronic device, comprising: 
a voltage regulator having an input terminal to couple to 
a voltage source and an ou^ut terminal, a first transis- 
tor to intermittently form an electrical circuit between 
the input terminal and the output terminal, a rectifier 
coupling an intermediate terminal in the electrical 
circuit between the input terminal and the output ter- 
minal to ground, a controller that drives the first 
transistor, and a capacitorlcss filler including an 
inductor, the capacitorless filter coupled between the 
intermediate terminal and the output terminal; and 
a load having elements coupled to the output terminal, the 
load further including an input capacitor between the 
output terminal and ground, wherein in conjunction 
with the inductor of the voltage regulator the input 
capacitor provides a filter so that the voltage to the 
elements of the load remains substantially constant. 
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2. The electronic device of claim 1, wherein at least a 
portion of the voltage regulator is fabricated on a first chip 
and at least a portion of the toad is fabricated on a second 
chip. 

3. The electronic device of claim 2, further comprising a 
printed circuit board, and wherein the first and second chips 
are mounted on the printed circuit board. 

4. The electronic device of claim 3, wherein the input 
capacitor is located in the second chip. 

5. The electronic device of claim 2, further comprising a 
first printed circuit board and a second printed circuit board 
mounted on the first printed circuit board, and wherein the 
first chip is mounted on the first printed circuit board and the 
second chip is mounted on the second printed circuit board. 

6. The electronic device of claim 5, wherein the input 
capacitor is mounted on the second printed circuit board. 

7. The electronic device of claim 2, further comprising a 
first printed circuit board and a second printed circuit board 
mounted on the first printed circuit board, and wherein the 
first chip is mounted on the second printed circuit board and 
the second chip is mounted on the first printed circuit board. 

8. The electronic device of claim 7, wherein the input 
capacitor is mounted on the first printed circuit board. 

9. The electronic device of claim 2, wherein the first chip 
is mounted a first printed circuit board, the second chip is 
mounted on a second printed circuit board, and the finst and 
second printed circuit boards are mounted on a third printed 
circtiit board. 

10. The electronic device of claim 9, wherein the input 
capacitor is mounted on the second printed circuit board. 

11. The electronic device of claim 9, wherein the input 
capacitor is mounted on the third printed circuit board. 

12. The electronic device of claim 2, wherein the input 
capacitor is fabricated in the second chip. 

13. An electronic device, comprising: 

a voltage regulator having an input terminal to couple to 
a voltage source and an output terminal, a first transis- 
tor to intermittently form an electrical circuit between 
the input terminal and the output terminal, a rectifier 
coupling an intermediate terminal in the electrical 
circuit between the input terminal and the output ter- 
minal to ground, and a controller that drives the first 
transistor, wherein the voltage regulator does not have 
an inductor coupled between the intermediate terminal 
and the output terminal; 
an electrical connector having a parasitic inductance; and 
a load having active elements coupled by the electrical 
connector (o the output terminal, the load further 
including an input capacitor between the output termi- 
nal and ground, wherein in conjunction with the para- 
sitic inductance of the electrical connector, the input 
capacitor provides a filter so that the voltage to the 
active elements of the toad remains substantially con- 
stant. 

14. The electronic device of daim 13, wherein at least a 
portion of the voltage regulator is fabricated on a first chip 
and at least a portion of the toad is fabricated on a second 
chip. 

15. The electronic device of claim 14, further comprising 
a printed circuit board, and wherein at least a portion of the 
parasitic inductance is provided by traces on the printed 
circuit board to couple the first chip to the second chip. 

16. The electronic device of claim 14, further comprising 
a printed circuit board on which the second chip is mounted, 
and at least a portion of the parasitic inductance is provided 
by a connector between the second chip and the printed 
circuit board. 
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17. The electronic device of claim 14. further comprising 
a first printed circuit board and a second printed circuit board 
coupled to the first printed circuit board, and wherein the 
first chip is mounted on the first printed circuit board and the 
second chip is mounted on the second printed circuit board, 
and at least a portion of the parasitic itxluctancc is provided 
by a connector between the first and second printed circuit 
boards. 

18. An electronic device, comprising: 
a voltage regulator having an input terminal to couple to 

a voltage source and an ou^ut terminal, a first transis- 
tor to intermittently form an electrical circuit between 
the input terminal and the output terminal &bricaled on 
a first integrated circuit (IQ chip that is mounted on a 
first printed drcuit board, a rectifier coupling an inter- 
mediate terminal in the electrical circuit between the 
input terminal and the output terminal to ground, a 
controller that drives the first transistor, and a capad- 
torless filter including an inductor, the capadtorless 
filter coupled between the intermediate terminal and the ^0 
output terminal; 

a load fabricated at least partially on a second integrated 
circuit (IC) chip that is mounted on a second printed 
circuit board, the load receiving power from the output 
terminal of the voltage regulator; and 

a capacitor located on the second printed circuit board, the 
capacitor providing, in conjimction with inductance 
located between the input node and the bad, a filter that 
creates a substantially DC voltage at the load. 

19. The electronic device of claim 18, wherein the con- 
troller is at least partially fabricated on a third integrated (IC) 
circuit chip. 

20. The electronic device of claim 18, wherein the capaci- 
tor is an input capacitor for the second IC chip. 

21. The electronic device of claim 18, wherein the capaci- 
tance of the capacitor is selected to ensure that the input 
capadtor can effectively shunt suffident current that the 
voltage across the load remains substantially constant. 
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22. The electronic device of claim 18, wherein the induc- 
tance is provided by an inductor coupled between the input 
tenminal and the output terminal of the switching regulator, 
and the inductor in the filler is supplemented by a parasitic 
inductance in a connection between the output terminal and 
the local capacitor. 

23. The electronic device of claim 18, wherein the induc- 
tance is provided by a parasitic inductance in a connection 
between the output terminal and the local capadtor. 

24. The electronic device of claim 23, wherein the para- 
sitic inductance occurs in a connection between the second 
IC chip and the second printed circuit board. 

25. The electronic device of claim 23, wherein the para- 
sitic inductance occurs in a connection between the first IC 
chip and the first printed drcuit board. 

26. The electronic device of claim 23, wherein the para- 
sitic inductance occurs in a connection between the first 
printed circuit board and the second printed circuit board. 

27. An electronic device, comprising: 

a voltage regulator having an input terminal to couple to 
a voltage source and an output terminal, a first transis- 
tor to intermittently form an electrical circuit between 
the input terminal and the output terminal, a rectifier 
coupling an intermediate terminal in the electrical 
drcuit between the input terminal and the output ter- 
minal to ground, a controller that drives the first 
transistor, and a capacitorlcss filter including an 
inductor, the capacitorless filter coupled between the 
intcrmeciiatc terminal and the output terminal; and 

a load having elements coupled to the output terminal, the 
load further including an input capacitor between the 
output terminal and ground, wherein the filter does not 
include a capacitor connected in parallel with the load, 
and wherein the inductor of the voltage regulator and 
the input capadtor of the load provide a filter so that the 
voltage to the elements of the load remains substan- 
tially constant. 
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ABSTRACT 



A voltage regulator provides current for a circuit module 
having an array of similar semiconductor circuit devices, 
such as a SIMM (single in line memory) array of semicon- 
ductor circuit devices. The semiconductor circuit devices in 
the array are designed to accept a range of potential that, and 
the potential provided by the voltage regulator are within 
that range. The voltage regulator circuit receives current ai 
elevated supply potential and provides a steady output at a 
controlled potential to the array. This provides clean power 
to the memory module and permits the establishment of 
internal tolerances for variation in potential which are more 
restrictive than that afforded by an external power supply. 
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MODULE HAVING VOLTAGE CONTROL 
CIRCUIT TO REDUCE SURGES IN 
POTENTUL 

REFERENCES 

This application is a continuation-in-pait of U.S. patent 
applicaUon Ser. No. 08/189.813 filed on Feb. 1. 1994 U.S. 
Pal. No. 5.440.519. 

FIELD OF THE INVENTION 
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This inveniion relates to voltage regulator circuits in 
circuit modules. The invention is useful in array modules, in 
which signals are received by a major component, such as a ^ ^ 
printed ciicuit board, and the signals are transferred • to 
subcomponents in essentially the same fonn. The invention 
is particulaiiy useful when used with computer memory 
arrays. 

This invention further relates to arrays of semiconductor 20 
circuit devices, in which a plurality of integrated circuit 
chips are mounted to a printed circuit board or the like for 
connection to a main circuit board (mother board), and to 
power supply regulation of SIMM (single in line memory 
module) arrays, and similar arrays. 25 

BACKGROUND OF THE INVENTION 

IC chips come in a variety of forms such as dynamic 
random access raemoiy (DRAM) chips, static random 
access memory (SRAM) chips, read only memory (ROM) 
chips, gate arrays, and so forth. The chips are interconnected 
in myriad combinations on primed circuit boards by a 
number of techniques, such as socketing and soldering. 
Interconnections among chips arrayed on printed circuit 
boards arc typically made by conductive traces formed by 
photolithography and etching processes. Semiconductor cir- 
cuit devices, including DRAMs, SRAMs and gate arrays are 
essentially switching devices. 

One ciicuit-board-moimted semiconductor chip array that 
is of particular interest is the SIMM (single in line memory 
module). SIMM boards are typically constructed with such 
capacitors, which are usually located bene^ or adjacent 
memory array circuit chips on the SIMM. Single inline 
packages (SIPs) are similar in design to SIMMs, except that 
instead of having a card edge-type connector, SIMMs have 
pins which are either socketably or solderably mounted on 
a buss. SIMMs arc described in U.S. Pat. No. 4,727,513, to 
Clayton and assigned to Wang Labs, and in Micron Semi- 
conductor's DRAM Data Book for 1993. 

SIMM (single in line memory module) boards are circuit 
arrays which consist of byte multiples of memory chips 
arranged on a primed circuit board or comparable mounting 
arrangement. The SIMM board is connected to a ciicuit 
control board by an edge connector. 55 

The SIMM is a highly space-efficient memory board 
having no on board address ciicuitiy and which is designed 
to plug directly into the address, data and power-supply 
busses of a computer so thai the randomly-addressable 
memory cells of the SIMM can be addressed directly by the 60 
computer's CPU rather than by a bank-switching technique 
commonly used in larger memory expansion boards. 
Memory cells on the SIMM are perceived by the computer's 
CPU as being no different than memory cells found on the 
computer's mother board. Since SIMMs are typically popu- 65 
lated with byte multiples of DRAMs, for any eight bit byte 
or sixteen bit byte or word of infonnation stored within a 



SIMM, each of the component bits will be found on a 
separate chip and will be individually addressable by col- 
umn and row. One edge of a SIMM module is a card-edged 
connector, which plugs into a socket on die computer, is 
directly connected to the computer busses required for 
powering and addressing the memory on the SIMM. 

SIMMs and related modules are constructed with JEDEC 
standardized terminal configurations, examples being 
JEDEC 72 pin configuration and JEDEC 30 pin configura- 
tion. At present, the 72 pin configuration has several "no 
connect" terminals. If a computer motherboard provides 
potential at one of the "no connect" terminals, a conven- 
tional module will not be a£fected. 

For purposes of this disclosure, the reference to a "stan- 
dard compatible module" means a module that is intended to 
be plug fit into a type of computer or other ciicuit board and 
which is in a format that is industry generic. Standard 
compatible modules are able to be installed onto the com- 
puter or other circuit board and meet expectations as to pin 
locations of power supply and other signal lines. Modules 
which meet JEDEC standard configurations would be stan- 
dard compatible modules. At the time of the filing of this 
disclosure, there is not believed to be an industry standard 
for SIMM modules that accept nonstandard power supply 
potentials. 

The control board may be any of a number of circuits 
which address memory arrays. Examples include computer 
mother boards, daughter boards which plug into a mother 
board, wherein the daughter board functions as a mother 
board for the SIMM module, peripheral devices with a 
capability of using add-on memory, and special purpose 
equipment which uses memory. It is also possible to use 
small modules of anays of similar circuit for purposes other 
than memory applications. 

A computer' s power supply circuit must accommodate the 
demands and fluctuations of most or all internal devices in 
U:e computer, including the CPU and related circuitry, 
memory devices, and storage devices. In addidon, the avail- 
ability of corresponding "clean" power from line current is 
limited. The ability to acconunodate tight tolerances of 
potentials for a poitioD of the computer may add undue 
complexity to the entire power supply circuit. When mul- 
tiple circuits are connected to a single power supply, it is 
likely that the current draw of the multiple circuits will cause 
fluctuations in the power supply circuit. Therefore, it is 
advantageous to have a circuit for limiting variations in 
potential located on individual units, such as SIMM boards. 

DRAM semiconductor memory parts are typically rated at 
a power supply potential Ycc of 5.0 volts ±10%. Some 
manufactured parts are less than fully reliable when V^c 
varies by 10%, and so are rated ±5%, or are otherwise 
subject to reduced tolerance to variations in potential 

A popular voltage regulator circuit is a three-pin device 
that can achieve a regulation of potential to a tolerance of 
approximately ±1%. This circuit generates a potential drop 
from its input to its output, so that the input power supply 
requirement for the voltage regulator circuit is diat die 
power supply potential be approximately 1 volt higher than 
its output This means that the use of such a voltage regulator 
circuit would reduce potential at its ou^ut to unacceptably 
low levels, or that potential at the supply be unacceptably 
high for operation without the voltage regulator circuit. 

In die use of boards designed to function at reduced 
potentials, such as a daughter board having 3.5 volt devices 
that are connected to a 5 volt mother board, it is advanta- 
geous if reduced power boards have a circuit that allows the 
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reduced power board to adapt lo use with ihc higher voltage 
board. 

It would likewise be desirable to provide modules with a 
power supply at a high potential and permii a voltage 
regulator circuit on the module lo reduce the potential on the ^ 
module to a desired level. This would provide a stable power 
output. It would be further desirable that a motherboard also 
be able to operate with modules that do not have the voltage 
regulator circuit. 

SUMMARY OF THE INVENTION 

In accordance with the present invention, a voltage regu- 
lator provides current for a circuit module having an array of 
similar semiconductor circuit devices, such as a SIMM 
(single in line memory) array of semiconductor circuit 
devices. The semiconductor circuit devices in the array are 
designed to accept a range of potentials and the potentials 
provided by the voltage regulator are within that range. The 
voltage regulator circuit receives current at elevated supply 
potentials and provides a steady output at a controlled 
potential to the array. This provides clean and constant 
power to the memory module and permits the establishment 
of intemal tolerances for variation in potential which arc 
more restrictive than that afforded by an external power 
supply. ^ 

In accordance with an embodiment of the present inven> 
tion, the elevated supply poteiuials are provided at a "no 
connect" terminal on the module, and a terminal for power 
supply at the operating potential is not connected on the 
module. The use of the "no connect" terminal pennits a 
motherboard to accept modules that do not have the voltage 
regulator and require the power supply at the operating 
potential. 

In accordance with another embodiment of the present 35 
invention, the module is designed to function at a reduced 
potential, such as 3.3 volts, with a 5 voll motherboard. The 
elevated potential of 5 V is provided from an existing 5 volt 
terminal on the module, and the voltage regulator circuit 
reduces the elevated potential to provide the module with a 40 
steady and relatively constant operating potential. As such, 
the voltage regulator circuit allows the reduced power board 
to adapt to use with the higher voltage board. Furthermore, 
the use of the existing 5 volt terminal pennits the mother- 
board to accept standard modules. 43 

In preferred embodiments, the module accepts an elevated 
potential of between 6 and 18 volts, and the component parts 
are operated at 3.3 or 5.0 volts. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Other aspects and advantages of the present invention 
may become apparent upon reading the following detailed 
description and upon reference to the drawings in which: ' 

FIG. la shows a block diagram of a single in-line memory 
module (SIMM), in which a voltage regulator circuit pro- 
vides "clean" power in accts-dance with the piindples of the 
present invention; 

FIG. lb shows in plan view, a more specific diagram of a 
SIMM, such as the SIMM of FIG. la , according to the ^ 
principles of the present invention; 

FIG. 2 shows a simplified schematic diagram of the 
module of FIG. lb; 

FIGS. 3a-3Jshow theoretical fluctuations in potential of 
power supply current, 5 volt power supply, 12 volt power 63 
supply, and the regulated S volt output of the voltage 
regulator; and 
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FIGS. 4a and 46 show block diagrams of alternate imple- 
mentations of an SIMM according to the principles of the 

present invention. 

While the invention is susceptible to various modifica- 
tions and alterative forms, specifics thereof have been shown 
by way of example in the drawings and will be described in 
detail. It should be understood, however, that the intention is 
not to limit the invention to the paittcular embodiment 
described. On the contrary, the intention is to cover all 
modifications, equivalents, and alternatives falling within 
the spirit and scope of the invention as defined by the 
appended claims. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

An illustrative embodiment of the circuit module using a 
voltage regulator acrording to the principles of the present 
invention to provide clean power to an array of semicon- 
ductor circuit devices, such as a SIMM (single in line 
memory) array of semiconductor circuit devices, is 
described below as it might be implemented. In the interest 
of clarity, not all features of an actual implementation are 
described in this specification. It will of course be appreci- 
ated thai in the development of any such actual implemen- 
tation (as in any development project), numerous implemen- 
tation-specific decisions must be made to achieve the 
developers' specific goals and subgoals, such as compliance 
with system-and business-related constraints, which will 
vary from one implementation to another. Moreover, it will 
be appreciated that such a development effort might be 
complex and time-consuming, but would neveitheless be a 
routine undertaking of device engineering for those of 
ordinaiy skill having the benefit of this disclosure. 

FIG. la shows a block diagram of a SIMM (single in-line 
memoiy module) 30 having a voltage regulator 32 for 
providing a constant fixed voltage to an isolated power plane 
34 on the module 30. The voltage regulator 32 receives an 
elevated voltage, such as 12 volts in this particular embodi- 
ment, from a terminal 36 of edge connector 38 and regulates 
the elevated voltage down lo a "clean" 5 volts. As would be 
understood by someone of ordinary shell in the art. various 
terminal configurations can be used. The edge connection 38 
connects the module 30 to a circuit control board (not 
shown). 

The module 30 has a plurality of semiconductor DRAM 
memory chips 4Qa~k . The memory chips 4Qa-h require a 
power supply, such as 5 volts in this particular embodiment, 
and the required power, referred to as V^.^ j^^^ is supplied 
by the voltage regulator 32 to the isolated power plane 34 
which feeds into the memoiy chips 40eh4i. Accordingly, the 
module 41 according to the principles of the present inven- 
tion provides "clean" power to the memory chips 40a-A and 
enhances the operation of the memory chips 40ti-/t. 

FIGS, lb and 2 show a SIMM 41 constructed in accor- 
dance with the present invention. The particular module 41 
shown in RGS. 16 and 2 is a 30 pin SIMM. Pin 24 is a "no 
connect" pin in 30 pin "by 9" modules of 4 megabytes or 
less. On the module shown in FIG. 16, pin 24 is supplied 
with a 12 volt power supply in order for the module 41 to 
function. 

The module 41 has a plurality of semiconductor DRAM 
memory chips 43-45 which are mounted to a printed circuit 
board 47, along with decoupling capacitors (not shown) for 
each of the memoiy chips 43-45. The memoiy chips 43-45 
require a power supply, such as, in this embodiment, 5 volts. 
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This power, referred to as Vj.^^ is nonnally supplied at pins line current, shown at 61, although other causes for the 

1 and 30, with ground at pins 9 and 22. When installed onto fluctuations exist The potential of line current 61 typically 

a mothtarboard (not shown), this power is present at pins 1 varies from 110 volts to 130 volts. There is a tendency for 

and 30 because il is desirable thai the motherboard accept this fluctuation in potential to pass through the computer's 

conventional SIMMs which requires Wqc connections. 5 power supply and to affect the potential 62 conventionally 

In the inventive module 41, a voltage regulator chip 51 is "sed to power the memory, 

used to provide a regulated power supply Wcc xeg ^ It is likely that fluctuations on the 12 volt power supply 

DRAM memoiy chips 43-45. Pins 1 and 30, which are arc as great or greater than fluctuations on the 5 volt power 

supplied with Vce:fn>m the motherboard, are not connected supply. The 12 volt power supply is used for various 

to further circuitry on the module 41. Pins 9 and 22 are at 10 electromechanical devices, such as disk drives, and therefore 

ground potential (V^^) and are connected to both the voltage is subject to inductance rdated potential fluctuations. The 

regulator 51 and to the appropriate connections on the voltage regulator 51, on the other hand performs in a 

DRAM memory chips 43-45. The connections of the volt- relatively stable manner at supply potentials generally 

age regulator 51 to the memory chips 43-45 is shown in between 6.2 volts and 18 volts. This results in an output 

FIG. 2. 15 potential, indicated at 64, remaining relatively constant The 

The voltage regulator 51 requires an elevated potential mininrnm supply potential of 6.2 volts is determined by a 

power supply in order to provide an output potential at V^c maximum dropout potential of 1.2 volts at 800 mA. 

(or KEoi- Tha^ is because of a potential drop which It is not known whether changes in the 12 volt supply 

occurs as current is passed through a circuit device such as potential 63 substantially affect the output 64 of the voltage 

the voltage regulator 51. The vollage regulator 51 has a 20 regulator 51, although such changes are limited to ±1% for 

recommended supply potential between 6.5 and 15 volts (for tiie voltage regulator 51 in the preferred embodiment It is 

the Burr Brown device). Its dropout potential ranges up to believed that current draw on the voltage regulator 51 does 

1.2 volts. Therefore, the vollage regulator 51 requires a affect output potential. In any case, this change is insignifi- 

power supply potential of between 6 volts and 15 volts in cant, and so the change in potential 64 is of no consequence, 

order to provide its 5 volt ouqjut. It is likely dial the voltage ^ xhe semiconductor DRAM memory chips 43-45 are 

regulator will accept momentary fluctuations of 18 volts and expected to function properly at a wide range of supply 

will accept higher suites without a substantial change in potentials Vcc In a typical DRAM, such as aMT4C4M4Al 

output potential. With conventional computer power sup- 4 megx4 DRAM sold by Micron Semiconductor, of Boise, 

plies, power is available at 5 volts' and 12 volts, although supply potential is rated at between 4.5 and 5.5 volts, 

other potentials may also be available. The 12 volt potential 30 ^-^^ ^^^^ ^agh input logic level potential at Vc<^\. If V^c 

is chosen to power the voltage regulator 51 because it is "bumps" too far up or down, errors occur. This translates to 

unlikely that power fluctuations and power draw from the 12 g tolerance for a change in potential of +10%. The voltage 

volt supply will result in the potential dropping significantly regulator 51 provides an output potential that varies within 

close to the 6 volts required to operate the voltage regulator a limited range, of approximately ±1%. 

51. In a preferred embodiment, the voltage regulator 51 is a 35 ^^^^ ^^^^^ ^^^^ p^^^ 

model LTl 1 17CST-5 voltage regulator, manufactured by f^^^^^^ ^^^^^^^ ^^ey are too sensitive to fluctuations in 

Linear Technology of Milpilas, Calif., or a REGl 17-5 volt- j potential. If Uie parts are otherwise functional, the 

age regulator, manufactured by Burr Brown of Tucson, Anz. ^1,^ ^^^^^^^ regulator circuit 51 enables their use. Such 

The voltage regulator 51 has three external connections — parts dedicated for use with the voltage regulator circuit 51 

the 12 volt supply potential, ground, also designated V^^, ^ are less expensive, and yet are made reliable by guaranteeing 

and the 5 volt regulated output, also designated \cc • ^ that they receive a regulated power supply Vccasc-I'^o^^ 

single ground is used for supply and output of the voltage words, by dedicating the parts for use in applications having 

regulator 51. In the prefOTcd cn^diment, an output capaci- limited variation in potential, the parts can pass qualification 

tor 55 is conneaed across the output of the voltage regulator tests. 

51. between \cc and ground. In a preferred cinbotKmcnt, ^^^^ ^f permissible variation of potential of 10% 

the output capacitor 55 has a capacitance of 10 pF. The ^^^^^3 ^ anticipated range of 1% reduces soft error and 

output capacitor 55 is required to stabilize the output of the reducing need for parity. If parity is eliminated, and die 

voltage regulator 51. The use of capacitivealecoupling of IC inventive module is used, the overall reliability of die 

chips on memoiy modules is described in U.S. PaL No. memory is actually enhanced because supplying the memory 

4,879,631, to Johnson and NeviU, for Short-Resistant "cleaner'' power reduces memory error. Since the 

Decoupling Capacitor System for Semiconductor Circuits. possibUily of "voltage bumping" (variations in potential) is 

Since pin 24 is a "no connect" pin on modules of 4 substantially reduced, it is possible to substantially iha-ease 

megabytes or less, providing 12 volts on SIMM board reliability of memory, even witii memory chips Uiat exhibit 

sockets at tiiis pin will not affect conventional SIMMs. This a substantially less tolerance for "voltage bumping." 

is significant, because it is desired that a computer thai is Anticipated variation in potential output of the vdtagc 

modified to accept the inventive module 41 also be able to regulator 51 may be more, as, for example ±2%. It is 

continue 10 accept most conventional modules. anticipated that memory chips thai have either standard 

FIGS. SA-D shows the potentials of power supply lines tolerance to "voltage bumping," or less than standard toler- 

over time for a, 115 volt (nominal) line current (root mean (q ance to "voltage" may be used. Examples of tolerances are 

square value) 61, nominal 5 volt power bus 62, a nominal 12 ±10%. ±7%, ±5%, ±3%, and ±2%. Therefore, it is possible 

volt power bus 63 and the output potential of the voltage to use one of the above combinations, provided that the 

regulator 64. These are projected values, based on empirical variation in potential output of the voltage regulator 51 is 

experiences, rather than the results of actual testing. less Uian die tolerance to "voltage bumping" of tiie protected 

As indicated on the graph, the power lines, whose poien- 65 pans. In the preferred embodiment, the variation in potential 

tials are shown at 62 and 63, fluauate over time. This is output of the voltage regulator 51 is 50% less than the 

partially due to total loads on the power supply, variations in tolerance to "voltage" of the protected parts. It would be 
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advantageous if ihe variation in poienlial output of the 
voltage regulator 51 is 1 00% or 200% less than the tolerance 
to "voltage" of the protected parts. 

In addition, soft errors, even in full specification parts, are 
greatly reduced by providing a "clean" power supply (V^c ^ 
reg), and decoupling of main ±5 volt power supply. This 
also eliminates most TTL switching noise, which is in the ±5 
volt power supply. It is possible that larger surges in poten- 
tial may occur on the ±12 voli line because of switching of 
inductive devices. Regardless of whether the ± 1 2 volt supply 
power is less noisy, the use of the voltage regulator 51 
provides a "clean" output 

The inventive module may also be provided in other 
configurations. As an example, a 72 pin SIMM is being 
designed with the inventive voltage regulator configuration. 
It is anticipated that the invention will also be used without 
parity, or as a "x8"inodule. In such cases, suitable "no 
connect" pins may be used. Similarly, the inventive module 
may be provided in other types of modules or boards, 
including memory cards. 

FIG. 4fl shows a general block diagram of another imple- 
mentation of a module 70 according to the principles of the 
present invention. The module 70, which can have 30 pins, 
72 pins or any pin count, uses a low dropout regulator 72 to ^ 
receive an elevated system potential (i.e. 5 volts) from a 
terminal 74, which is defined as having the elevated system 
potential, on edge connector 76 and regulate the voltage to 
provide a clean operating potential on an isolated power 
plane 78. The isolated power plane 78 provides the steady 
and continuous operating potential for low voltage DRAM 
memoiy chips 80a-/t. In this way, the module 70 enables the 
oper^ion of low voltage DRAM memoiy chips 74a-A in 
higher voltage zqiplications. More specifically, the module 
70 allows the low voltage memory chips lAa-h to be 
powered by their native supply potential from the regulator 
72 while maintaining I/O conq)atibility with higher potential 
1/0. En this particular embodiment, the preferred voltage on 
the power plane 78 for the low voltage memory chips lia-h 
is 3.3 volts, yet the memory chips 74a-A can operate in a 5.0 ^ 
volt environment. The low voltage memory chips 74a-ft 
maintain compatibility with existing applications (i.e. 5 volt 
applications) using state of the art technology. This technol- 
ogy allows higher potential input and output signals (i.e. S 
volts) to be connected to the low voltage memory chips 
lAa-h while the operating voltage remains lower (i.e. 3.3 V). 
Such low voltage memory chips lAa~h are currently being 
produced by Micron Technology, Inc. of Boise, Id. as 
dynamic random access memoiy chips having 16 Mbit 
densities and greater. 

The voltage regulator 72 by design allows fluctuations of 
input potential within the limitations of the device (input to 
output drop) while maintaining steady supply voltage to the 
device. Low dropout and tight tolerances of the regulator 
decouple transient switching noised caused by 5 volt TTL 55 
devices (or other devices, and or power supplies) in the 
application, providing "clean" power to the DRAMS. As 
described above, these modules are supplied 5 volt power 
through pre-determined pins (JEDEC standards). Applica- 
tions where other voltage potentials arc desired othn than 
common supplied potentials (i.e. 5 volts) may be used as a 
proprietary input potential. 

FIG. 4fe shows still another implementation of a module 
82 according to the principles of the present invention. The 
module 82 uses an adjustable voltage regulator 84 to regu- 65 
late the elevated potential input from a tominal 90 to an 
adjustable potential output The regulator 84 adjusts the 
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potential output by using a resistor divider combination 86 
with preset reference voltage using feedback. In this way. an 
adjustable potential can be achieved by the regulator 84 on 
an isolated power plane 88 to provide memoiy chips 92a-h 
with a "clean," steady and continuous operating voltage. As 
with the fixed output regulators 32 and 78. the regulator 84 
typically sources high current (i.e. 800 ma or higho^) and can 
be cascaded to double source current 

What has been described is a specific embodiment of the 
invention. It is possible to use the inventive circuit in 
multiple bank memory systems. It is also possible to include 
a V^^ output on the module 41, located on one of 
multiple ^cc reg temoinals on the module 41. If the cone- 
sponding terminal on a motherboard is discoimected from 
power supply, then a single regulated module 41 could then 
provide regulated power (V^c reg) o^^'' modules. It is 
possible to use the inventive configuration on other types of 
modules, such as SRAM modules and modules related to 
iiinctions other than memory. 

While a module with three DRAM ICs is shown in the 
preferred embodiment, the invention is equally functional 
with modules having larger numbers of parts. DRAM parts 
are one of the more likdy semiconductor IC parts to be 
sensitive to changes in potential, but the invention is also 
useful when used with components other than DRAM 
memory chips. 

The invention is also useful in packaging of bare semi- 
conductor die into a multichip module (MCM), wherein 
semiconductor parts on the module arc provided with cur- 
rent through the voltage regulator 51. It is anticipated that 
variations can be made on the preferred embodiment and, 
therefore, the invention should be read as limited only by the 
claims. 

We claim: 

1. Array module, for connection to external circuitry, in 
which a plurality of semiconductor integrated circuit devices 
are arranged in a manner such thai information is obtained 
by addressing information from a selected number of the 
integrated circuit devices in the array in a format, charac- 
terized by: 

a) a plurality of connection terminals for connection of the 
module to the external circuitry; 

b) a voltage regulator circuit connected to one of the 
connection teiminals for recdving power supply cur- 
rent at an elevated potential, the voltage regulator 
circuit providing a steady output to said plurality of 
integrated circuit devices at a preferred potential, the 
preferred potential being less than the elevated poten- 
tial; and 

c) an isolated power plane connected to said voltage 
regulator circuit and to said plurality of semiconductor 
circuit devises for providing the preferred potential to 
said plurality of semiconductor circuit devices, said 
isolated power plane being isolated from circuitry at the 
elevated potential. 

2. Module as described as in claim 1, further characterized 
by: 

a) at least one of the integrated circuit devices in the array 
being function whra supplied with a supply power at a 
rated potential, and having a tolerance to changes in 
said potenu'al of no more than 5%; and 

b) said voltage regulator circuit providing power at a 
potential approximating said rated potential and at a 
tolerance of no more than ±2%. 

3. Module as described as in claim 1, further characterized 
by: 
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ihc variaiion in potenliaJ output of the voltage regulator at 
ihc preferred potential is less than the tolerance to 
"voltage" of said plurality of integrated circuit devices, 
thereby reducing the occurrence of soft error over 
modules which use parity bits but do not use said 5 
voltage regulator. 

4. Module as described as in claim 1, further characterized 



by: 



the variation in potential output of the voltage regulator at 
the preferred potential being less than the tolerance to 10 
"voltage" of the integrated circuit devices. 

5. Module as described as in claim 1. further characterized 



by: 

the variation in potenUal output of the voltage regulator at 
the preferred potential being less than the tolerance to ^5 
"voltage" of the integrated circuit devices by at least 
50%. 

6. Module as described as in claim 1. further characterized 

by: 

a) the connection terminal for leceiving power supply jo 
current at an elevated potential being at a location 
which is normally a terminal at the elevated potential 
when a standard compatible module without said volt- 
age regulator circuit is connected to said external 
circuitry; and ^ 

b) the module has connection terminal locations which the 
standard compatible module would receive the elevated 
potential from the external circuitry. 

7. The array module of claim 1 wherein said module is a 
motherboard. 

8. Semiconductor module having a plurality of semicon- ^ 
ducior integrated circuits thereon, for connection to external 
circuitry, in which a plurality of integrated circuit dewces 
arc arranged in a manner such that information is obtained 
by addressing information from a selected number of the 
integrated circuit devices in the array in a format, charac- 35 
terized by: 

a) a plurality of connection terminals for connection of the 
module to the external circuitry; 

b) a voltage regulator circuit connected to one of the 
connection terminals for receiving power supply cur- 
rent at an elevated potential, the voltage regulator 
circuit providing a steady output to said plurality of 
integrated circuit devices at a preferred potential, the 
preferred potential being less than the elevated poten- 
tial; and 

c) an isolated power plane connected to said voltage 
regulator circuit and to said plurality of semiconductor 
circuit devises for providing the prcforcd potential to 
said plurality of semiconductor circuit devices, said 
isolated power plane being isolated from circuitry at the 
elevated potential. 

9. Module as described as in claim 8, further characterized 

by: 

said module comprising a substrate onto which said 
plurality of integrated circuit devices are mounted as 
bare semiconductor die prior to encapsulation of the 
parts. 

10. Module as described as in claim 8, further character- 
ized by: 60 

a) at least one of the integrated circuit devices in the array 
being functional when supplied with a supply power at 
a rated potential, and having a tolerance to changes in 
said potential of no more than S%; and 

b) said voltage regulator circuit providing power at a 65 
potential approximating said rated potential and at a 
tolerance of no more than 



11. Module as described as in claim 8, ftirther character- 
ized by: 

the variaiion in potential output of the voltage regulator at 
the preferred potential is less than the tolerance to 
"voltage" of said plurality of integrated circuit devices. 

12. Module as described as in daim 8, further character- 
ized by: 

a) the connection terminal for receiving power supply 
current at an elevated potential being at a location 
which is normally a terminal at the elevated potential 
when a standard compatible module without said volt- 
age regulator circuit is connected to said external 
circuitry; and 

b) the module has connection terminal locations which the 
standard compatible module would receive the elevated 
potential from die external circuitry. 

13. The semiconductor module of claim 8 wherein said 
module is a motherboard. 

14. Memory array module, for connection to external 
digital switching circuitry, in which a plurality of memory 
circuit devices are arranged in a manner such that memory 
infonnation is obtained by addressing bits of information 
from a selected number of the memory devices in the array 
in a format, and the fonnat of bits forms a word of memory 
data sucb that each word includes bits from each memory 
device in the selected number of the circuit devices, and 
wherein the bits are addressed as rows and column of 
information in a matrix on each memoiy device, diaracter- 
ized by: 

a) a plurality of cormection terminals for connection of the 
module to the external circuitry; 

b) a voltage regulator circuit connected to one of the 
connection terminals for receiving power supply cur- 
rent at an elevated potential, the voltage regulator 
circuit providing a steady output to said plurality of 
circuit devices at a preferred potential, the preferred 
potential being less than the elevated potential; and 

c) an isolated power plane coimected to said voltage 
regulator circuit and to said plurality of semiconductor 
circuit devises for providing the preferred potential to 
said plurality of semiconductor circuit devices, said 
isolated power plane being isolated from circuitry at the 
elevated potential. 

15. Module as described as in claim 14, further charac- 
terized by: 

a) each memory device having addresses which are 
arranged in similar matrices of rows and cohimns on 
the memory device; and 

b) the addressing of a row of memory devices being 
accomplished to corresponding rows and colunms on 
each memory device in a row of memory devices in 
response to address commands. 

16. Module as describe din claim IS, further characterized 
by: 

the memory devices being random access memory semi- 
conductor integrated devices, havutg read and write 
data bits thereoa 

17. Module as described as in claim 14, further charac- 
terized by; 

the variation in potential output of the voltage regulator at 
the preferred potential being less than the tolerance to 
"voltage" of the integrated circuit devices. 

18. Module as described as in claim 14, further charac- 
terized by: 

a) the module being provided without a parity bit; 
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b) ihe variation in potential output of the voltage regulator 
is less than the tolerance to "voltage bumping" of said 
plurality of the memory devices, thereby reducing the 
occurrence of soft error over modules which use parity 
bits but do not use said voltage regulator. s 

19. Module as described as in claim 14, further charac- 
terized by: 

a) at least one of the memory devices being functional 
when supplied with a supply power at a rated potential, 
and having a tolerance to changes in said potential of no ^0 
more than 5%; and 

b) said voltage regulator circuit providing power at a 
potential approximating 

said rated potential and at a tolerance of no more than 
±2%. 

20. Module as described as in claim 14, further charac- 
terized by: 

the variation in potential output of the voltage regulator at 
the preferred potential being less than the tolerance to 20 
"voltage" of the integrated circuit devices by at least 
50%. 

21. Module as described as in claim 14, further charac- 
terized by: 

a) the connection terminal for receiving power supply 25 
current at an elevated potential being at a location 
which is normally a terminal at the elevated potential 
when a standard compatible module without said volt- 
age regulator circuit is connected to said external 
circuitry. 30 

22. The memory array module of daim 14 wherdn said 
module is a motherboard. 

23. Semiconductor module having a plurality of semicon- 
ductor integrated circuits thereon, for connection to external 
circuitry, in which a plurality of integrated circuit devices 35 
are arranged in a manner such that information is obtained 
by addressing information from a selected number of the 
integrated circuit devices in the array in a format, charac- 
terized by: 

a) a plurality of ctmnection terminals for comiection of the ^ 
module to the external circuitry; 

b) a voltage regulator circuit connected to one of the 
connection terminals for receiving power supply cur- 
rent at an elevated potential, the voltage regulator 
circuit providing a steady output to said plurality of 
integrated circuit devices at a preferred potential, the 
preferred potential being less than the elevated poten- 
tial; and 

c) an isolated power plane connected to said voltage 
regulator circuit and to said plurality of semiconductor 
circuit devises for providing the preferred potential to 
said plurality of semiconductor circuit devices, said 
isolated power plane b^ng isolated from circuitry at the 
elevated potential, the connection terminal for recdv- 
ing power supply current at an elevated potential being 
at a location which is nomially a terminal at the 
elevated potential when a standard compatible module 
without said voltage regulator circuit is connected to 
said external circuitry, the module has connection ter- ^ 
minal locations which the standard compatible module 
would receive the elevated potential from the external 
circuitry. . 

24. Memory array module, for connection to external 
digital switching circuitry, in which a plurality of memory 
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circuit devices are arranged in a manner such that memory 
information is obtained by addressing bits of information 
from a selected number of the memory devices in the array 
in a format; and the format of bits forms a word of memory 
data such that each word includes bits from each memory 
device in the selected number of the circuit devices, and 
whaein the bits are addressed as rows and columns of 
information in a matrix on each memory device, character- 
ized by: 

a) a plurality of coimection terminals for connection of the 
module to the external circuitry; 

b) a voltage regulator drcuit connected to one of the 
connection terminals for receiving power supply cur- 
rent at an elevated potential, the voltage regulator 
circuit providing a steady output to said plurality of 
circuit devices at a preferred potential, the preferred 
potential being less than the elevated potential; and 

c) an isolated power plane connected to said voltage 
regulator circuit and to said plurality of semiconductor 
circuit devises for providing the preferred potential to 
said plurality of semiconductor circuit devices, said 
isolated power plane being isolated from circuitry at the 
elevated potential, the module being provided without 
a parity bit, the variation in potential output of the 
voltage regulator is less than the tolerance to "voltage 
bumping" of the memory devices, thereby reducing the 
occurrence of soft error over modules which use parity 
bits but do not use said voltage regulator. 

25. Memory array module, for connection to external 
digital switching circuitry, in which a plurality of memory 
circuit devices are arranged in a manner such that memory 
information is obtained by addressing bits of information 
from a selected number of the memory devices in the array 
in a format, and the format of bits forms a word of memory 
data such that each word includes bits from each memory 
device in the selected number of the circuit devices, and 
wherein ttte bits are addressed as rows and columns of 
information in a matrix on eadi mcmoiy device, character- 
ized by: 

a) a plurality of connection terminals for connection of the 
module to the external circuitry; 

b) a voltage regulator circuit connected to one of the 
connection terminals for receiving power supply cur- 
rent at an elevated potential, the voltage regulator 
circuit providing a steady output to said plurality of 
circuit devices at a preferred potential, the preferred 
potential being less than the elevated potential; and 

c) an isolated power plane connected to said voltage 
regulator circuit and to said plurality of semiconductor 
drcuit devises for providing the preferred potential to 
said plurality of semiconductor drcuit devices, said 
isolated power plane being isolated from circuitry at the 
devated potential, the comiection terminal for receiv- 
ing power supply current at an devated potential bdng 
at a location which is normally a terminal at the 
devated potential when a standard compatible module ■ 
without said voltage regulator drcuit is connected to 
said external circuitry, the module has connection ter- 
minal locations ^ich the standard compatible module 
would receive the elevated potential from the external 
circuitry. 

« * * « * 
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INTEGRATED VOLTAGE/CURRENT/POWER 
REGULATOR/SWITCH SYSTEM AND 
METHOD 

CROSS REFERENCE TO RELATED 
APPUCAHONS 

Applicant claims benefit puisuant to 35 U.S.C. §119 and 
her^y incorporates by reference Provisional Patent Appli- 
cation for "INTEGRATED VOLTAGE/CURRENT/ 
POWER REGULATOR/SWITCH SYSTEM AND 
METHOD", Set. No. 60/189,721, filed Mar. 15, 2000. 

PARTIAL WAIVER OF COPYRIGHT 

All of the material in this patent application is subject to 
copyright protection under the copyri^t laws of the United 
States and of other countries. As of the first effective filing 
date of the present application, this material is protected as 
unpublished material. 

However, permission to copy this material is hereby 
granted to the extent that the copyright owner has no 
objection to the facsimile reproduction by anyone of the 
patent documentation or patent disclosure, as it appears in 
the United States Patent and Trademark Office patent file or 
records, but otherwise reserves all copyright rights whatso- 
ever. 

FIELD OF THE INVENTION 

The present invention relates generally to the regulation 
and/or switching of voltage and/or current and/or power as 
applied to integrated circuits. 

BACKGROUND OF THE INVENTION 

General System Block Diagram (0100) 

The basic problem addressed by the present invention can 
be best illustrated by reference to the block diagram of FIG. 
1, Here it can be seen that a non-ideal voltage source (0101) 
is used to provide a current (Ivs) to a complex load (0103) 
through a voliage/current/power regulator/swiich (VCPRS) 
module (0102). It is important to note that the same non- 
ideal voltage source (0101) may simultaneously supply a 
variety of other loads (0106) through other VCPRS modules 
(0105) within the context of the entire system environment. 
The ground reference (0104) for the entire system is typi- 
cally common but need not necessarily be so in all circum- 
stances. 

Regulator Function 

The primary function in many system contexts is for the 
voltage/current/power regulator module (0102) to regulate 
the output voltage supplied to the complex load (0103) so 
that it is constant under all loading conditions and also under 
all conditions of the non-ideal voltage source (0101). While 
the typical context of this regulation scheme is one of 
constant output voltage, there are applications in whicli a 
constant output current (or constant output power) are 
desired, and this discussion applies equally well to these 
environments. 

Vohage Regulation 

Typically the vohage transformation from the non-ideal 
voltage source (0101) to the complex load (0103) can occur 
via dissipation in the VCPRS module (0102) (linear vohage 
regulation), or may occur within the context of a buck/boost 
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voltage converter in which the voltage regiUator/switcb ac^ 
more strictly as a power converter with regulated output 
voltage and/or current. Neither configuration limits the 
teachings of the present invention, as the form of voltage/ 

S current regulation in both cases requires some common 
circuit elements that are the subject of the teachings herein. 
Therefore, it is sufficient to realize that the regulator function 
served by the VCPRS function (0102) is one of meeting the 
demands (voltage, current, power) to the load based on a 

10 specified regulation scheme. 

As an example, the typical voltage regulation require- 
ments for a modern microprocessor range from ±10% to 
±5%, which for a 1.5 V core voltage means a ±150 mV to 
±75 mV regulation range. This is in stark contrast to the 

1^ ±500 mV regulation range typically permitted for older 5V 
digital bgtc systems. A significant reason for limiting the 
regulation drift of a microprocessor power supply voltage 
(VDD) is one of reliability. As the gate oxide thickness of 
modern C^OS processes are reduced, the susceptibility to 

^ oxide puochthrough is increased and thus regulation of the 
power supply becomes a paramotmt reliability consider- 
ation. 

Voltage Dropout 

^ The issue of voltage regulation is tightly related to another 
concept termed voltage dropout. As stated in the literature: 
"The dropout voltage is the voltage at which the input 
voltage is low enough to cause the output to go out of 
regulation. With the reduction of logic voltages, the 
dropout voltage becomes more critical. A case in point 
in when you want a 1.5V alkaline cell to power a 1-V 
DSP. The alkaline cell can degrade to 1-V and the 
regulator can still provide power to within a few 
millivolts of 1 V. Dropout requirements dictate the type 
of pass clement used and favor CMOS for very low- 
dropout regulators. Some regulators use a pass element 
and a low-toss switch that directly couples V(in) to 
V(oul) with a small voltage drop across the switch." 
See Brian Erisman, "Voltage Regulation Times Transients" 
and "Voltage Regulation Takes Trade-Ofife", ELECTRONIC 
ENGINEERING TIMES, at 84-100 (Oct 4, 1999). 

Note that the prior art clearly indicates that as supply 
voltages drop, the efficiency of the pass element becomes a 
^5 significant design issue. However, little if any guidance is 
provided as to how to solve the problems associated with 
lowered supply voltages and fixed dropout voltage values in 
regards to high current or mixed signal integrated circuit 
systems. 

Current Regulation 

While voltage regulation and switching are the primary 
focus of the present invention, current and/or power regu- 
lation may be equally implemented utilizing the disclosed 

55 invention teachings in conjunction with the prior art. Current 
regidators, of all power variations, are detailed in the litera- 
ture. Sec Henri J. Oguey and Daniel Aebischer, "CMOS 
Current Reference Without ResisUnce", IEEE JOURNAL 
OF SOLID-STATE CIRCUITS, Vol. 32, No. 7, at 

60 1132^1135 (Jul, 1997). 

Switching Function 

Additionally, in many circumstances the VCPRS module 
(0102) may be called upon to act as a high eflSciency switch 
65 to completely enable or disable power dissipation by the 
complex load (0103). It is extremely important that this 
switching function be electrically efficient, meanii^ that the 
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"od" impedance magnitude of the switch be near zero ohms. characteristics of a MOSFET that are direcdy related to the 

It is significant to note that it is the impedance magnitude geometry of the device. In general, the transoonduclance 

and not just the DC resistance value of the switch that is of (g„) of a MOSFET will be given by the relation 

importance here. Thus, the parasilics associated with the 

voltage regulator/switch module, including parasitic "on" 5 

resistance, capacitance, and inductance are of concern in " L 

these designs, especially with highly dynamic complex 

loads (0103) as occur in a microprocessor or any analog/ 

digital integrated circuit environment. (i) 

10 where 

MulU- Value Supply Voltage Integration (0200) AaeEfective chip area consumed by MOSFET (microns^) 

One method employed by the prior art and which has been Locfifeclive gate length of the MOSFET (microns) 

useful in some implementations is the use of a multi-value W»efifective gate width of the MOSFET (microns) 

supply voltage topology as illustrated in FIG. 2. Here, the It is significant to note that the device length (L) is limited 

system supply voltage is maintained at +5 V, and used to 15 by the process technology and appUed supply voltage, so to 

supply both the 3.3V system regulator as well as the I/O achieve a certain device current passing capability, there 

circuitry. In this manner, the internal digital core voltages must be a corresponding increase in the area (A) consumed 

can be maintained at low voltage levels to prevent oxide by the MOSFET. 

punchthrough and other reliability problems, while permit- Similar tradeofEs occur for every type of active device: to 

ting the circuit to be integrated with other +5V parts. Sec 20 pass a gjven amount of current (with a specified series 

Gerrit W. den Besten and Bram Nauta, "Embedded 5V-lo- resistance typically referred to as RDS(on)) requires a 

3.3V \feltage Regulator for Supplying Digital IC*s in 3.3V minimum amount of area that is technology dependent. The 

CMOS Technology", IEEE JOURNAL OF SOLID STATE 'strength' of the device is therefore dictated by the applica- 

CIRCUITS, VOL. 33, NO. 7, at 956-962 (July 1998). lion requirements, and this in turn indirectly dictates the size 

Note that any use of this technique dictates that level « of any MOSFET or other active device used to pass the 

shifter circuitry be implemented to interface the lower current The significance of this minimum area requu^mcnt 

internal core voltages to the higher interface voltages that will be revisited throughout this document in a variety of 

are present outside the target integrated circuit. See Nobuaki contexts. 

Otsuka and Mark A. Horowitz, "Circuit Techniques for P^OS Pass Device (0300) 

1.5.V Power Supply Flash Memory", IEEE JOURNAL OF 30 Refercncmg FIG. 3, a common method of providing 

solid-state circuits. Vol. 32. No. 8, at 121 7-1230. A voltage regulation is to use an operational transconductance 

significant issue in aU of these level shifting methodologies amplifier (OTA) in conjunction with a sU-ong P-channel 

deals with the capabilities (or lack thereoO in the core MOSFET (0301) in a negative feedback arrangement. The 

integrated circuit fabrication process to handle the elevated literature indicates that while the OTA provides sufficient 

voltages present outside the target integrated circuit. Thus, feedback to ensure that the output voltage remams constant 

although a level shifting circuit suitable for the interface to circuit suffers from an mcreasc m output impedance with 

the outside world can be fabricated, there still remain issues increasing dynamic loading frequency. This is undesirable in 

of reliability in that the higher outside voUages may stress a digitally clocked system where high frequency current 

oxides and devices in the level shifting circuitry and thus sP^kes will be present at the drain of the pass MOSFET 

degrade the overall performance of the system. 40 device (0301) 

wTU'i .I.-- I— ; ™— 1 ,..,-ft.i As with all systems of this configuration, the Miller 

While this technique is in general useful m designmg . •'. . . . . . , . , * ... ^ 

. . . . J . ■. .u .-11 •R r™„„ capacitance associated with this device is muUiplied by the 

modem integrated circuits, there still exist signincant prac- r.u a • \^ iu e 

Ucal implementation issues in creating an effident voltage t^^««"ductance gam of the pass device, making the fre- 

regulator design within an integrated cLuit context. As 1"8,^^ ^'^^^^ ^^e pass MOSFET device 

be shown lateTin this document, existing methods to imple- (»301) is increased. Thus as the current carrying capacity 

mem efficient regulator schemes are not at present economi- demands of the output load are increased requmng a 

callyscalabletoprovidetherequiredcircuilperforaiancefor f^^f^^^f'l ^" p^ MOSFET device 

modem and future integrated microprocessor designs. What f ^D' '^\^f ^^^"^"^y .^^^r'' °i ^ ^ ^ 

is desperately needed both now and in the future is a new fiirther an undesirable result. 

« u 1 . »k-.» 50 It is Significant to note that the literature mentions that this 

regulation/switching technology to address these efficiency ^igh frequency rolloff characteristic may be mitigated by the 

use of a lai^e output capadlor Cext (0302, 0402, 0502). 

DESCRIPTION OF THE PRIOR ART However, the drawback of this additional component is one 

of the use of additional chip area for its fabrication. This is 

General Topology Overview 55 unfominate, but a necessary evU of Uiis design topology. 

It is instructive before describing the present invention to While the literature has mentioned some means to reduce the 

inspect the methods by which the prior art has addressed the power consumption associated with the ou^ut capacitance 

issue ofboth the regulator and switching functions described as exemplified by the schematic of FIG. 6, the high frc* 

previously. This discussion is provided in greater detail in quency roUoff characteristic is a fundamental design con- 

the literature. See Gcrril W. den Besten and Bram Nauta, 60 strauit that limits the performance of the regulator/switch. 

"Embedded 5V-to-3.3V Voltage Regulator for Supplying See Gabriel A. Rincon-Mora and PhilUp E. Allen, "A 

Digital IC's in 3.3V CMOS Technolog/MEEE JOURNAL Low- Voltage, Low Quiescent Current, Low Drop-Out 

OFSOLIDSTArEaRCUITS,VOL.33,N0.7,at956-962 Regulator", IEEE JOURNAL OF SOLID-STATE 

(July 1998). CIRCUITS, Vol. 33, No. 1, at 36^ (January 1998). 

A Note Concerning MOSFET Strength 65 NMOS Source Follower (0400) 

The following discussion will make use of the term Referencing FIG. 4, this configuration appears to be 

'MOSFET strength* which concerns the transconductance identical to that of FIG. 3, but the difference here is that the 
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OTA is used with a N-channel MOSFET in a source follower 
configuration. Note that this configuration has excellent 
incremental impedance, as the impedance looking into the 
pass MOSFET device (0401) from the load is given by the 
relation s 



I L 



(2) 



10 



where 

r^(,)«cffcctive incremental impedance looking into MOS- 
FET source 

Here it is significant to note that the stronger (larger) the pass 
MOSFET device (0401) is constructed, the stififer the supply 
regulation becomes. This is a desirable characteristic, but 
comes with the penalty that the regulated output volUge 
must be one threshold volugc (Vj-^.,) betow the VDDD 
supply rail. 

NMOS Source Follower with Charae Pump (0500) 

The literature has attacked the deficiencies of the circuit 20 
topology of FIG. 4 by incorporating a charge pump into the 
design as illustrated in FIG. 5. Here the charge pump permits 
the gate volUge of the pass MOSFET device (0501) to 
exceed that of the VDDD supply, making it possible to drive 
the regulated output voltage all the way to the level of the 25 
VDDD supply voltage. 

Power Conversion Charge Pump Methodology 

Often it is necessary in integrated circuit design to gen- 
erate a high internal voltage supply for use within the 
confines of the target integrated circuit. These designs 
invariably use a capacitor-based charge-pump approach to 
provide the required power conversion. Applications for this 
methodology include flash memories and bias generators for 
DRAM memory systems. See Takayuki Kawahara, Syun- 
ichi Saeki, Yusuke Jyouno, Naoki Miyamoto, Takashi 
Kobayashi, and Katsmka Kimura, "Internal \bllage Gen- 
erator for Low Voltage, Quarter-Micrometer Flash 
Memories", IEEE JOURNAL OF SOLID-STATE 
CIRCUITS, Vol. 33, No. 1, at 126-132 (January 1998). 

However, it should be noted in all these prior art 
examples, there is in general only a small power conversion 40 
requirement dictated by the application. That is, the current 
demands on the converted power supply are minimal. Thus, 
this technique is of less use in regulating large power supply 
voltages to smaller voltages for use with low voltage target 
integrated circuit systems. 45 
Circuit Integration (0600) 

As illustrate in FIG. 6, any of the approaches of FIGS. 3-5 
may be utilized with a scaled feedback scheme to sense the 
regulated output voltage at some level lower than the actual 
regulated output voltage. This technique may be utilized 
with conventional bandgap references as well as replication 
of the output driver structure to achieve belter voltage 
stabihly at the complex load as described in the literature. 
Sec Gcrrit W. den Besten and Bram Nauta, "Embedded 
5V-10-3.3V Voltage Regulator for Supplying Digital IC's in 
3.3V CMOS Technology", IEEE JOURNAL OF SOLID 55 
STATE CIRCUITS, VOL. 33, NO. 7. at 956-962 (July 
1998). 
Summary 

It should be noted that in all the schemes mentioned 
above, the performance of the pass MOSFET transistor and 60 
the size of the required filter capacitor are key performance 
considerations in any of these designs. To perform well 
under high frequency dynamic loading conditions, the 
designs above musi all have significant filtering capacitance 
and the impedance characteristics of the pass MOSFET 65 
transistor must be designed for low dynamic transconduc- 
tanoe. 



PRIOR ART TRADEOFFS 
Relating Pass Device Strength and Capacitance 

The need for improved voltage/current regulation/ 
switching within the context of an integrated circuit envi- 
ronment is not a new problem. Engineers have essentially 
addressed this problem by usii^ larger integrated capacitors 
for filtering and have increased the strength (and corre- 
sponding area) of the pass MOSFET transistor to accom- 
modate the increased dynamic loading characteristics of 
modem microprocessors and other mixcd-agnal integrated 
circuits. 

It is helpful at this point to quote the literature regardiiig 
the radonale behind this des^n philosophy. Gerrit W. den 
Besten and Bram Nauta as referenced above have stated that 
"The circuit part consisting of CI [0302, 0402, 0502] and 
Ml [0301, 0401, 0501] consumes most of the die area 
of the complete voltage regulator. One can either spend 
a lot of area on CI or on Ml. If CI is made very large, 
then the ripple on V^ wll be small; the variation 
may then be 400 mV, and Ml need not to be too large. 
On the other band, if CI is made small, then the V^ 
variation will be large. This means that the is less left 
for V^ variation, and thus Ml becomes large. The 
optimization has been done numerically, which led (o 
an optimal ratio between capacitor and transistor area." 
It is significant to note in this cited circuit application that 
the design required a 3Q impedance for Ml (0301, 0401, 
0501) as the pass MOSFET device, which yielded the 
desired regulated voltage variation of 4-300 mV with a peak 
power supply load of 100 mA. To adtieve this design 
requirement, the W/L of Ml was sized at 14000 fimlQ.S /an 
for a total device area of at least 7000 ;im^. Assuming that 
CI was equally as large, the total area (A) consumed by the 
regulator was on the order of 14000 //m^, or approximately 
140000 jumVA of regulated ou^ut current 
Limits to Low Power Operation 

Even if the desired pass device could be properly con- 
structed as indicated above, there remains a serious perfor- 
mance issue of parasitic capacitance associated with a pass 
device fabricated with this amount of die area. As stated by 
the literature, 

"... current eflSciency plays a pivotal role in designing 
battery-powered supplies. The two performance speci- 
fications that predominantly limit the current eflSciency 
of low drop-out regulators arc maximum load-current 
and transient output voltage variation requirements. 
Typically, more quiescent current flow is necessary for 
improved performance in these areas. 

Output current and input voltage range directly aflfect the 
characteristics of the pass element in the regulator, 
which defines the current requirements of the error 
amplifier. As the maximimi load-current specification 
increases, the size of the pass device necessarily 
increases. Consequently, the amplifier's load capaci- 
tance (Cpar [0302, 0402, 0502]) increases. This affects 
the circuit's frequency performance by reducing the 
value of the parasitic pole present at the output of the 
amplifier. Therefore, phase-margin degrades and sta- 
bility may be reduced accordingly. As a result, more 
current in the buffer stage of the amplifier is required, 
be it a voltage follower or a more complicated circuit 
architecture. In a similar manner, low input voltages 
require that MOS pass device structures increase in size 
and thus yield the same negative effects on frequency 
response and quiescent current as just described. This is 
because the gate drive decreases as the input voltages 
decrease, thereby demanding larger MOS pass ele- 
ments to drive high output currents. 
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Further limits to low quiesceat current arise from the 
transieat requirements of the regulator, namely, the 
permissible output voltage variation in response to a 
maximum load>carrent step swing. The output voltage 
variation is determined by the response time of the 
[regulator] circuit, the specified load-current, and the 
output capacitor. The worst case response time corre- 
^onds to the maximum output voltage variation. This 
time limitation is determined by the closed-loop band- 
width of the system and the output dew-rate current of 
the error amplifier. These characteristic requirements 
become more difficult to realize as the size of the 
parasitic capacitor at the output of the amplifier (Cpar) 
increases, which results from low-voltage operation 
and/or increased output current specification. 
Consequently, the quiescent current of the amplifier's 
gain stage is limited by a bandwidth minimum while 
the quiescent current of the amplifier's buffer stete is 
limited by the slew-rale current required to drive Cpar." 
See Gabriel A. Rincon-Mora and Phillip E. Allen, "A 
Low-Voltage, Low Quiescent Current, Low Drop-Out 
Regulator", IEEE JOURNAL OF SOLID-STATE 
CIRCUITS, Vol. 33, No. 1, at 36-44 (January 1998). This 
quote validates the premise that increased capacitance 
comes at the penalty of increased power dissipation, whether 
static or dynamic. 

Current/Future Requirements 
ScalabUity (0700) 

Another significant problem with the design approach as 
detailed above is its lack of scalability to the high current 
levels that are and will be experienced by advanced digital 
and analog integrated circuitry. Referencing FIG. 7, it is well 
known in the industry that there is an exponential relation- 
ship between the size of an integrated circuit and its cost. 
While various literature describes the cost as proportional to 
some exponential function of the chip die area (See Mark 
Dorais, "Analyze ASIC Designs To Optimize Integration 
Levels", supplement to ELECTRONIC DESIGN, at 83-86 
(Aug. 9, 1999)), others have more rigorously quantified this 
relationship to be cubic, meaning that the cost of a given 
integrated circuit chip is generally proportional to the cube 
of the die area (See John L. Hennessy and David A. 
Patterson, COMPUTER ARCHITECTURE— A QUANTI- 
TATIVE APPROACH, at 60 (ISBN 1-55880-069-8. 1990)). 
Die Size Considerations 

In any case, using the data illustrated in FIG. 7, the chip 
die for the Gerrit W. den Besteo and Bram Nauta reference 
would put their disclosed chip design die cost approximately 
at point (0701) (14000 /tm^^COU mm^) in FIG. 7. Now the 
question arises as to what happens if the peak current 
requirements are raised from 100 mAas in the Gerrit W. den 
Besten and Bram Nauta reference to that of modem or future 
microprocessors. Specifically, it should be noted that the 
advent of low voltage processors (^LOV to 1.8V VDD) 
with corresponding high current transients (50A to ^lOOA) 
will require that any power supply used to support these 
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"[a]bsolute values of Ml [0301, 0401, 0501] and CI 
[0302, 0402, 0502] depend on the peak load current to 
be expected. If N times more current is needed, CI and 
Ml become a factor of N larger. Since the area of the 
regulator is dominated by Ml and CI, its area is 
proportional to the expected peak load current." 
Using this rougfi graphical estimate, it can be seen diat the 
chip die cost for the 100 A regulaU)r will be at least 20-*30 
times that of the 100 mA regulator configuration. Thus, 
while the die area may be made linear to the required output 
load current, the nonlinear nature of the die cost to die area 
dictates the total die cost when all factors are considered 
simultaneously. This is a significant scaling penahy, and it 
should be noted that the heat dissipation problems and 
reliability problems associated with the current concentra- 
tions in this topology have yet to be addressed by the prior 
art. It is therefore doubtful that this design approach will be 
of significant use in woildng with future hi^ly integrated 
microprocessor sj^ems and other mixed signal system 
integrations. 
Gate Drive Limitations 

Another significant issue not accounted for in the den 
Bcstcn analysis for future product designs is the impact of 
reduced gate drive on the ability to generate pass devices 
with suf&ciently low RDS(on) values. Recall that the drain 
resistance of a MOSFET operating in the saturation region 
(with Ve5>V^ V^j>Vcs-Vr) is given by the first-order 
relation 
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Noting that the den Besten analysis assumed a 33V, and 
assuming comparable threshold voltages (VT) of 0.6V, it can 
be seen that the gate drive component of the den Besten 
system is approximately 1 .0/(3.3-0.6)^ »0.137. If the system 
is now converted to a 15V process with all other factors 
equal, the gate drive becomes 1.0/(1.5-0.6)^=1.235, or 
approximately an order of magnitude greater than the 3.3V 
system. 

This gate drive component is important in the analysis 
because as the maximum process voltage decreases, the 
threshold voltages cannot be decreased at will without 
incurring higher leakage losses (and increased power 
consumption) in the system. Therefore, the resulting 
increase in RDS(on) resistance due to reductions in gate 
drive in many circumstances requires that the size of pass 
devices be increased to compensate for the effective 
decrease in drive strength of the pass MOSFET device. 
Incorporating this additional factor of 10 into the calcula- 
tions for a 100 A pass device as described above would 

,2/ 



increase the overall device size to 1400000 /on VA, or a total 
regulatorsbecapableof"deal[ing] with very dynamic loads 5S chip die area of 140000000 /anM40 mm^ This would 



at high current-slew rates during transients." See Roger 
Allan, "Lateral CMOS Process Vields 7.4V MOSFET With 
An On-Resistancc of 6 mQ", ELECTRONICS DESIGN 
36-37 (Jul. 12, 1999). 

According to the rough calculations done previously 
indicating that the efifective die area needed for a given 
ampere of regulated output current would be on the order of 
140000 /^^/A, a 100 A regulation scheme would require a 
chip die area of 14000000 /im^=14 mm^ which roughly 
corresponds to point (0702) in FIG. 7. This calculation is 
verified by Gerrit W. den Besten and Bram Nauta which 
state that 
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clearly make this solution uneconomical in most integrated 
circuit system designs. 
Melalization Distribution Limitations 

One aspect of the current art that has become a significant 
limitation in the generation of modem large integrated 
circuit systems deals with losses associated with melaliza- 
tion distribution. This problem is best illustrated graphically 
as in FIG. 16. Here an integrated circuit system is depicted 
(1600) having a variety of analog (1611, 1613) and digital 
(1612) systems on the same chip. Bond pads (1601, 1602) 
are used to supply VSS and VDD power connections respec- 
tively. 
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The problem typically encountered in such systems is a 
tradeoff between area efficiency in distributing power and 

power supply noise integrity. Referencing the VSS pad 
(1601) tree-style bus routing, it can be seen that the voltage 
drop incurred along the common VSS bus by the digital s 
(1612) and analog (1613) systems is impressed on the bus 
before it reaches the first analog system (1611), causing a 
voltage drop and corresponding noise injection into this 
circuit. 

Integrated circuit layout designers have typically aban* lo 
doned tree -style bus routing in modem integrated circuit 
layout for the single-point bus routing that is illustrated on 
the VDD bond pad (1602). Here there are individual power 
bus traces being routed to each of the analog^digital sub- 
systems (1611, 1612, 1613), and thus the common voltage 15 
reference point is (1602). \faltage drops incurred by the load 
generated by each subsystem are in part limited to the power 
supply of that subsystem. Note that due to finite bond wire 
inductance there will always be some noise induced at the 
bond pad (1602) due to transients in the power consumption 20 
of the analog/digital subsystems (1611. 1612, 1613). While 
this technique can be of great use in many mixed signal 
circuit designs, it does not solve all the problems that can 
occur in modern high-speed integrated circuit design. 

The main problem is that the metalization routing illus- 25 
trated in either technique of FIG. 16 produces only a passive 
regulation, using the inherent metalization resistance to 
perform the required noise isolation between the systems. 
Even if the metalization were to cover the entire top of the 
chip, there would still be significant noise coupling between 30 
individual circuit components. This requirement is more 
pronounced with increasing current demands on the entire 
integrated circuit system. 

While some techniques have been developed to stack 
wafers on top of one another using 'bump' or 'ball' tech- 35 
nologics as illustrated in FIG. 27, these have proven diflScult 
and expensive to use for commodity integrated circuit 
applications. In general, these techniques will not become 
economically feasible until the tooling for these designs 
overcomes some basic reliability problems associated with 40 
the mechanical assembly process inherent in any chip stack- 
ing procedure. 

What is needed in the industry at the present and in future 
designs is an active regulation and noise reduction scheme. 
To date nothing in the prior art has suggested how this might 45 
be accomplished, but the present invention does provide a 
useful method to implement this functionality at a general 
and very broadly applicable level. 
Other Considerations 

It must be additionally noted that irrespective of the so 
resulting die cost, the addition of 14 mm^ die area to any 
existing high complexity integrated circuit design severely 
dicutes what package styles will be available for use vnth 
the product. Only the largest of ceramic packages can afford 
to incorporate an addidonal half-inch square die just for ss 
local power regulation purposes. Thus, there are significant 
medianical considerations to the addidon of any pass/ 
regulation device consuming this amount of die area. 



reported in the literature. See Roger Allan, "Lateral CMOS 
Process Yields 7.4V MOSFET With An On-Resistance of 6 
mQ", ELECTROt^CS DESIGN 36-37 (Jul. 12, 1999). 

However, even this approach has its drawbacks. Allan 
reports that the effective drain-source resistance for a typical 
interdigitated MOSFET configuration is given by the rela- 
tion 



Interim Solutions to the Problem 
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Id the interim, as exemplified by the MOSFET structure 
illustrated in FIG. 8, there have been some approaches lo 
solving the problem described above in that some research- 
ers have utilized multiple metal levels and interdigitated 
drain/source strapping to minimize the effective impedance 65 
of the drain/source channel in a conventional MOSFET. A 
recent MOSFET configuration \ising this approach has been 



RsFf = - 



(4) 



a for large N 



where 

RoRo;v(simulated)+Rco;v7Hcr 

rsresistance of the metal trace between a two-unit cell 
rcaresistance of the metal trace between drain and source 
pads 

N«number of devices integrated 
What is significant to note &om this relation is that the 
overall drain-source resistance is not significantly decreased 
beyond a given limit. So, the basic performance of the lateral 
MOSFETs utilized in this interdigitated scheme carmol be 
significantly improved by virtue of this topology. Therefore, 
the resulting chip die area for very laige current carrying 
pass devices is still considerable, yielding an unacceptable 
(yet marginally better) die cost and resulting lowered die 
yield and reliability. 

What is also absent from the analysis reported by Allan is 
the cost/yield impact of adding the interdigitaled metaliza- 
tion layers to an existing design. While the cost of extra 
metal layers has contiimously dropped with time, the extra 
processing steps involved in the Allan methodology has yet 
lo prove economically viable given current technology. 
Additionally, as indicated in the title of the article, the 
structure reported by Allan is essentially a low-voltage 
(7.4V) MOSFET, and not suitable for even 12V automotive 
applications, and clearly not applicable for high voltage 
applications. 

Finally, an unmentioned and unresolved issue in the 
configuration reported by Allan is that of thermal manage- 
ment. The pass devices created using this methodology must 
by their very nature be placed at some portion of the subject 
integrated circuit. The hi^ power density being passed by 
this pass device tends to loc^ly increase the temperature on 
the integrated circuit, and generate a thermal gradient across 
the integrated circuit die. This thermal gradient makes 
integration of precision analog circuitry difficult, and pre- 
sents significant reliability and performance issues with 
remaining digital circuitry. Neither the structure reported by 
Allan nor the prior art solves this thermal gradient problem. 

Trends in Regulator Systems 

Overview 

While linear regulation schemes as illustrated in FIGS. 
3-6 have been widely used within the electronics industry 
for decades, the advent of personal computer (PC) systems 
has driven a move in most new designs to swilched-mode 
regulators that are essentially DC-DC power converters 
having a regulated output voltage. These systems are often 
characterized in the art as 'boost', 'buck', or 'buckyboost' 
converters to describe their capability to take a given DC 
input voltage and increase, decrease, or increase/decrease it 
respectively to generate a regulated output voltage. 
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These systems have traditionally used one or more exter- 
nal power switches to perform the budc/boost Ainctioaality 
within the context of the switching rcguhlor. This may be 
seen by inspecting the placement of Ql, Q2, and Q3 in FIG. 
13 and FIG. 15. In both drcumstaoocs the energy storage 
inductor LI is switched either to either supply rail via use of 
the gale controls of Ql and Q2/Q3 respectively, 
integrated Power Switches 

Recently switched-mode power supply integratois have 
moved towards integration of these switches on the same 
chip as the switched-mode controller integrated circuit. 
Examples of this integration are illu^rated in FIG. 9, HG. 
10, FIG. 11, and FIG. 30. In many of these circumstances the 
manufacturers are emphasizing the small padcage size of the 
overall integrated system containing both the controller and 
the power switching devices (which are typically fabricated 
using lateral MOSFET pass devices). However, these inte- 
grated versions have some serious drawbacks, including the 
following: 

1. The small package size limits the effective area (A) of the 
MOSFET pass devices, and as a result the current sup- 
plying capability of these designs is severely restricted. 
Rather than being capable of supplying dozens of amperes 
of peak current, these integrated pass device implemen- 
tations are generally limited to low current (<3 A) appli- 
cations. 

2. The use of lateral MOSFETs in these integrated switching 
power supply controllers dictates both a low breakdown 
voltage as well as a relatively inefScient transconductance 
as compared to a wide variety of vertical MOSFET 

structures. 

3. Package lead bond wire resistance can create a significant 
reduction in the effective Q of the external inductor when 
operated at high switching frequencies. 

4. At high switching frequencies, radiation of RF energy 
from the switching system is a problem and must be 
shielded to conform to FCC and other regulatory restric- 
tions. 

5. While the integrated switching supply controllers illus- 
trated in FIGS. 9-U are by themselves small, the addition 
of the required external components typically doubles or 
triples the effective PCB area required to implement these 
functions. Little has been done lo reduce this PCB board 
area overhead in the prior art. Since PCB board area 
typically costs $l/square inch in modem designs, this 
additional area translates directly into additional overhead 
cost in the final product. Furthermore, the lack of full 
integration of all external components tends to increase 
the overall cost of the final product, a result that is always 
undesirable. 

6. Although the switching regulators illustrated in FIGS. 
9-11 and RG. 30 may be efficient at power conversion 
with low current levels, this is not the entire stoiy when 
the system supports a complex digital integrated circuit 
load. Since there is always a finite inductance/resistance 
along PCB traces between the output of the switching 
regulator and the input to the complex digital integrated 
circuit toad, this additional impedance can have a signifi- 
cant negative impact on the overall supply regulation at 
the complex digital integrated circuit load. Since the 
voltage sensing function for the switching regulator can 
never probe the voltage at the die surface of the complex 
digital integrated circuit load, there is insufficient infor- 
mation in the feedback loop to permit the svtdtching 
regulator to properly adjust the output voltage in response 
to high power demands from the complex load. 

7. While there are both systems that provide for inductor- 
based conversion (FIGS. 9-10, 30) and capacitor-based 
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convecsion (FIG. 11), neither has the potential to support 
peak currents on the order of 100 A that will be required 
of future power supply systems supporting low voltage 
digital systems. In short, v/bHc these technologies may 
5 improve with time, they are fundamentally limited by 
their architecture when dealing with the problems present 
in modern digital system power supply regulation. 
While this is just a short list of the drawbacks of the prior art, 
they should alert the reader to the fact that even with recent 
JO advances in integration, there appears to be a host of 
problems in this art area that have yet to be addressed by the 
electronics industry. TTie present invention addresses most if 
not all of these issues and provides a method to overcome 
the prior art deficiencies while providing significantly better 
]5 performance and energy economy in the resulting switched- 
mode power supply system. 
Multi-Slage Power Conversion 

1- Stcp Regulation 

One method utilized by at least one integrated swiiched- 
20 mode power supply vendor to improve cfi5cicncy is the 
utilization of multi-stage power conversion within the con- 
text of an integrated voltage regulator system. As illustrated 
in FIG. 12, the performance of a typical 1-step switched 
mode regulator varies based on the VDDD(IN) supply 
25 voltage that is presented to the switched mode regulator 
system. Based on the curves of FIG. 13, it would appear that 
using the switched-mode topology in this example 
(illustrated by the schematic of FIG. 14), the performaoce of 
the system increases with decreasing VDDD(IN) supply 
30 voltage (lower power lost-higher efiSciency for a given load 
current). The reason for this loss in efficiency is given in the 
literature: 

"Traditionally, portable CPU voltage regulators operate 
over a wide range of input voltages. This 1-step regu- 
35 lation technique forces the power supply to operate 
from battery voltages as low as 8V to adapter voltages 
as high as 24V. This large input voltage range forces the 
designer to use a relatively large inductance value for 
the switch inductor [LI, FIG. 14]. The large inductor 
40 value means more energy storage, so the ovcrvoltage 
transient will be larger with the load current rapidly 
changes from high to low. Additional output capaci- 
tances may be require to meet transient specifications. 
CPU core voltage are currently in the 1.5V region. Using 
45 the 1-stcp approach, regulating 24V down to 1.5V 
forces the regulator to regulate narrow 'slivers' of input 
current to meet the transient requirements of high speed 
CPUs. A 24V wall adapter forces a 6.25% duty cycle 
when supplying a CPU voltage of 1.5V which means 
50 that the top [Ql, FIG. 14] MOSFET conducts for 0.2 us 
each cycle, at 300 kHz." 
See John Seago, Linear Technobgy Design Note 209, 
''2-Step Voltage Regulation Improves Peifonnance and 
Decreases CPU Temperature in Portable Applications", 
55 www.linear-tech.com/go/dnLTC1736 (August, 1999). 
While this loss of efficient^ is a problem with 1-step 
regtilation schemes, they are far more common than 2-step 
regulation schemes in common system designs. 

2- Step Regulation 

60 In conU'ast to 1-stcp regulation, the power lost using 
2-step regulation can in low load current circumstances be 
made less than a 1-step regulator as illustrated in FIG. 14. 
Contrast the circuit topologies of FIG. 13 and FIG. 15 and 
details (1301) and (1501) to illustrate the circuit topology 

65 differences between a 1-step and 2-step regulator method- 
ology respectively. Contrasting the performance curves of 
FIG. 12 and FIG. 14 reveals the fact that operation at a fixed 
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input voltage of S V proves to be overall more effideDt than this penalty in terms of delerminiog the minimum power 

the 1-step regulator approach for all supply voltages once dissipation v/hen the transistor size ratio of the final inverter 

regulated down to SV. This might give the reader pause, stage to the first stage is given. As suted by Ihe literature 

given that the individual efficiencies of each state of a (and edited for content herein): 

2.stagc regulator must be less than 100%. The literature s uj^-^ problem can be seen not only in the DC-DC 

explains this anomaly by statmg that converter but also in an output pad where the output 

"[a] common misconception is that the total eflBciency of transistor size is given from specifications such as drive 

two circuits in series is the product of the efiSciencies of capability. 

each circuit. This is not ime^ Efficiency is defined as the p^^^^ dissipation in the jth stage can be expressed as 

total output power divided by the sum of the total lo follows* 
output power plus all circuit losses. 

2-5tep regulation takes advantage of the 5V regulator ^'h^Jb'h-PA/] (5) 
efficiency curve. The 5 V supply has a peak efficiency of 

about 95% which is relatively flat over a wide range of Where PC|j] is power dissipation due to charging and 

load currents. The added current required to power the 15 discharging and PSD] is power dissipation due to 

CPU supply causes the 5V regulator efficiency to crowbar current Let us assume that PQj] is propor- 

decrease by about 1% but it also regulates the majority tional to Wjj] and inversely proportional to signal 

of Ihe CPU power at about 94% efficiency. With a SV slope. Let us also assume that the signal slope is 

input, the CPU regulator peaks at about 90% efficiency. proportional to W[j-1]/W[j] because driving current is 

Comparing 1-step and 2-step conversion efficiencies 20 proportional to W[j-1] and loading capacitance is 

with a 12V input, the increased loss in the 5V regulator proportional to W|j], Then PCO] and PARTNERSHIP 

is about the same as the decreased loss in the CPU \j]an given by 
regulator so the overall system effidcncy remains 

nearly constant." P«W-y>t«t/J 

See John Seago, Linear Technology Design Note 209, 25 

"2-Step Voltage Regulation Improves Performance and p ^ ^/ „ „ ^^Ji 

Decreases CPU Temperature in Portable Applications", ' wy-i] 
www.linear-tech.com/go/dnLrC1736 (August, 1999). 

However, it must be noted that neither of these 1 -step or „ a \f ^ tv..™i 

' „ , , , 1 , , - , Where U and V are constants. Total power dissipation is 

2-step approaches really tackles the real problem with power 30 ^^^^f^^ given by 
conversion in a battery-powered environment: that of para- 
sitic losses in inductors, capacitors, interconnect, and pass ^romL-SPU) 
devices. The present invention specifically addresses these 

issues individually and cn masse in an attempt to create 'V«rt"^1/] 
switching regulator systems that exceed the 90% efficiency 35 

standard set by these existing switched mode regulation -V(M-i)x xw^tO] 

systems. 

Efficiency/Startup Characteristics 

As illustrated in FIG. 28, the prior art typically experi- where 
ences 60-80% power conversion efficiencies for designs that 4o 
are fully integrated. This poor performance (as compared to _ 
90+% efficiencies with designs utilizing external MOSFET ^1^' " '1 

switches) is inherently due to poor on-resistance of the w{n] 
lateral on-chip MOSFETs utilized in current fully integrated ~ W[0] 

designs. 4S u 

It should be noted that the on-resistanoe characteristics * " 17 

also dictate a higher starting voltage for systems when the 
load presented to the regulator is increased. As illustrated in 
FIG. 29, this minimum starting operating voltage can 

increase substantially when the load presented to the regu- 50 When the partial derivative of Ptotal/x is zero the total power 
lator is increased. This effectively reduces the useful battery dissipation becomes minimum. Then 
life of a portable system, an undesirable characteristic By 
reducing the on-resistance of switching devices used in x=Im VT+T 

regulators, the present invention overcomes this deficiency 
in the prior art and improves the capability of systems to 55 
operate at depressed battery voltages. 
Cascading Area Penalty 

It is significant to note in FIG. 13 and FIG. IS that the 
transistors (Ql, Q2, Q3) that are driven externally by the ..." See Tadahiro Kuroda, Kojiro Suzuki, Shinji MiU, 
integrated circuit must be provide sufficient gale drive to 60 Tetsuya Fujita, Fumiyuki Yamanc, Fumihiko Sano, Akihiko 
overcome capacilive effects of the large gate plate associated Chiba, Yoshinori Walanabe, Koji Matsuda, Takeo Maeda, 
with these transistors. This is especially true in situations Takayasu Sakurai, and Tohru Furuyama, "Variable Supply- 
where the transistors are integrated as lateral devices on-chip voltage Scheme for Low-Power High-Speed CMOS Digital 
as illustrated in FIGS. 9-11. Design", IEEE JOURNAL OF SOLID-STATE CIRCUITS, 

This gate drive requirement has associated with it a 65 Val. 33, No. 3, at 454-462 (March 1998). 
cascading area penalty to minimize power dissipation during What is significant about equation (9) is that the number 
switching of the power transistor. The literature describes of stages (N) is generally proportional to the natural loga- 
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riihm of the size ratio beiween the smallest integrated driver 
and the size of the largest (possibly non-integrated) driver. If 
these ratios arc large, the number of buffer stages can be 
significant, and result in a substantial loss of integrated 
circuit die area in the fabrication of these devices. Note that s 
this formulation is generally applicable to lateral MOSFET 
devices, and would be improved somewhat when using 
Chcn-stylc devices (or other vertical pass devices) that have 
substantially lower gate capacitances than their lateral coim- 
terpaits. This capacitance differential is used to advantage in 10 
the present invention. 

SUMMARY 

In summary, while the prior art has endeavored to 
improve both linear and switched-mode regulator systems 15 
for use with complex integrated circuit loads, there appears 
to be a host of practical issues that have yet to be addressed, 
including but not limited to the following: 

1 . RDS(on) values for linear regulator systems are still too 
high to solve problems with high current digital systems, tjo 

2. Associated capacitance requirements for linear regulators 
are too high to provide for fast response to high-current 
step loads. 

3. Integration levels and power handling capabilities of 
switched mode regulators are loo low for many modern is 
digital systems. 

4. Existing linear and switched mode regulators are gener- 
ally not Low power if they must supply a high current 
output load. 

5. The economics of extrapolating the current design tech- 30 
niques for on-chip power supply regulation are cost 
prohibitive. 

6. Gate drive limitations for low voltage systems dictate that 
pass device areas be so huge so as to be uneconomical in 
many circumstances using existing design techniques. 35 

7. Proposed 'novel' MOSFET topologies in the literature arc 
not amenable to high voltage environments, such as might 
be present in an aU-electric automobile or in a household 
appliance. 

8. Thermal management in the prior art is problematic 4o 
because of the slavish use of lateral MOSFETs in these 
designs. This mantra has been taken for granted within the 
prior art, as existing process techniques did not provide 
for the economic integration of both vertical power 
devices and high-density digital control logic. 45 

These points taken individually may in some rare cases be 
solvable by niches of the prior art, but combinations of these 
problems are the nomi in modem integrated system design, 
and such combinations have proven intractable via use of 
existing design methodologies. The industry is primed for a 50 
system/method whereby these drawbacks io the current art 
can be overcome and thus provide a platform for the next 
generation of high performance fully integrated digital/ 
analog systems. 

OBJECTS OF THE INVENTION " 

Accordingly, the objects of the present invention are 
(among others) to circumvent the deficiencies in the prior art 
and affect one or more of the following objectives: 

1. Significantly improve the RDS(on) characteristic of pass 60 
devices used in conventional regulator/switch functions in 

an integrated circuit environment. 

2. Improve the performance of regulator/switch functions 
within an integrated circuit environment by permitting the 
use of lateral and/or vertical pass devices in these circuits. 65 

3. Reduce or eliminate the amount of circuit chip die area 
that is consumed by pass devices in r^ulator/switch 
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functions to improve the overall cost of integrated circuits 
requiring these fimctions. 

4. Permit high voltage pass devices to be incorporated on the 
same integrated circuit die as low voltage circuitry with- 
out the need for exotic fabrication processes. 

5. Permit integration of analog and digital systems on the 
same chip with minimal noise and aosstalk between the 
systems. 

6. Permit independent regulation/switching of voltage/ 
current/power to various portions of a given integrated 
circuit so as to allow both better PSRR for each system 
component as well as the option of reducing overall 
system power by switching off various integrated circuit 
subsystems when not in use. 

7. Provide an economical and efficient means for digital 
integrated circuits that are targeted towards portable 
applications to man^e power consumption so as to 
conserve battery power and extend battery life in these 
applications. 

8. Permit retrofit of existing integrated circuits to permit 
incorporation of improved regulator/switching capabili- 
ties. 

9. Improve the local power supply stability in a wide variety 
of integrated circuits as compared to the prior art. 

10. Permit the integration of high current regulator/switch 
functions in modern analog, digital, and mixed-signal 
desi^s. 

11. Permit the use of integrated appliance system networks 
in areas that heretofore were not practical due to lack of 

integration in the prior art. 

While these objectives should not be understood to lunit 
the teachings of the present invention, in general these 
objectives are achieved by the disclosed invention that is 
discussed in the following sections. 

BRIEF SUMMARY OF THE INVENTION 

Overview (1700) 

Briefly, the invention is a system and method permitting 
voltage and/or current regulation and/or switching of power 
within the context of an integrated circuit environment while 
simultaneously eliminating the need for chip area consump- 
tion by high current capacity pass devices commonly 
employed within the prior art. Rather than implementing the 
required pass devices necessary for voltage/current 
regulation/switching on the same integrated circuit plane as 
the foundation integrated circuit (FlC), the present invention 
implements the regulator/switching structure on top (or 
bottom) of the existing foundation integrated circuit. Thus, 
as illustrated in FIG. 17, the term foundation integrated 
circuit will be used to describe the existing integrated circuit 
'foundation' on which the regulator/switch functionality is 
fabricated. 

This new regulator/switching topology can make use of a 
wide variety of pass transconductor types, but many pre- 
ferred embodiments of the present invention utilize Chen- 
style vertical MOSFETs (as described in U.S. Pat. No. 
5,216,275) or the like to provide for superior RDS(on) 
performance and corresponding 'stiffer' supply regulation 
characteristics. While the present invention topologies are 
applicable to both regulator and/or switching applications, 
there is a particular class of applications involving high 
speed low voltage microprocessors in which the present 
invention excels over the prior art. Specifically, the advent of 
low voltage processors (gl.OV to 1.8V VDD) with corre- 
sponding high current transients (50 A to ^100 A) will 
require that any power supply used to support these regu- 
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btors be capable of "dealing] with very dynamic loads at 
high current-slew rates during transients." See Roger Allan, 
"Utcral CMOS Process Yields 7.4V MOSFET With An 
On-Resistancc of 6 mQ", ELECTRONICS DESIGN 36-37 
(Jul. 12, 1999). 5 

ADVANTAGES OVER THE PRIOR ART 

The present invention solves the problems present in the 
prior art by permitting the following: 

1 . Pass devices generated using the present invention may be 
of the vertical device configuration (a feature not possible 
with the prior art), permitting drastically reduced RDS 
(on) resistance values as compared to conventional lateral 
MOSFET and BJT device structures. Thus, it is easy to 
fabricate pass devices with RDS(on) resistance values 
approaching three orders of magnitude lower than con- 15 
ventional lateral device geometries. 

2. No additional chip area is necessary to implement voltage 
and/or current and/or power regulation and/or switching 
functions, in contrast to the prior art that requires large 
chip area sacrifices to implement any form of regulation 20 
and/or switching functions. 

3. Since no additional chip area is necessary to implement 
pass devices using the present invention, the pass devices 
utilized for regulation/switching functions are only lim- 
ited by the die area of the foundation (bottom/top) inte- 25 
grated circuit. 

4. Since pass devices may have large effective areas in the 
present invention without consuming additional founda- 
tion chip area, the quality of the pass device (from a per 
unit performance perspective) need not be on par with the 30 
rest of the process lecbnology to still provide significant 
advantages over the prior art latcral-typc foundation inte- 
grated circuit pass devices. Thus, the economics of the 
present invention arc superior to the existing prior art 
even using low-quality pass devices, as long as the 35 
effective performance of the low quality device can 
overcome the additional area penalty associated with the 
prior art configurations. 

5. Existing integrated circuits may be augmented with 
voltage regulation/switching functions without the need aq 
for massive re-layout of the foundation integrated circuit. 
Thus, retrofit of existing integrated circuits is entirely 
possible using the present invention. This feature may be 
heavily utilized in system-on-a-chip (SOC) designs where 
existing intellectual property (IP) chip designs are inte- 45 
grated on a single die and independently regulated/ 
switched using the present invention. 

6. In contrast to prior art regulation/switching 
implementations, the present invention requires much less 
chip layout planning for ils implementation. Regulation/ 50 
switching fiinctions occur at another level of integration 
and are separate &om the routing concerns at the foun- 
dation integrated circuit level. 

7. The present invention provides a more uniform power 
plane to the foundation integrated circuit than is possible 55 
with existing power routing within prior art integrated 
circuits. By providing a uniform metalized base plate, the 
present invention eliminates the need for exotic chip 
layout methodologies to minimize power supply noise 
coupling within the foundation integrated circuit. Sec 60 
Mark Ingels and Michiel S. J. Steyaert, "Design Strategies 
and Decoupling Techniques for Reducing the Effects of 
Electrical Interference in Mixed-Mode ICs", IEEE JOUR- 
NAL OF SOUD-STATE QRCUITS, Vol. 32, No. 7, at 
1136-1141 (July 1997). 65 

8. While conventional integrated circuit design tends to 
dictate separate power and ground busses for mixed signal 



designs, the present invention permits individual regula- 
tion of the power supplies for separate parts of a mixed- 
signal foundation integrated circuit. 

9. The ability to provide for individual regulation of power 
within separate portions of the foundation integrated 
circuit permits a much more robust PSRR to be achieved 
than that vfincti is possible witii existing integrated circuit 
layout techniques. This independent regulation capability 
permits high levels of isolation to occur between analog 
and digital circuitry on the same chip, thus permitting a 
h^er degree of integration with mixed-signal integrated 
circuit designs. 

10. In contrast to traditional methods of power supply 
routing witiiin an integrated circuit, the present invention 
utilizes, a power plane interconnect philosophy similar to 
that employed in printed circuit board (PCB) manufac- 
turing. This methodology provides for boUi reduced 
power supply noise in remote areas of the integrated 
circuit, but also provides an inherent capacitive charge 
storage element that tends to stabilize the power supply 
voltage at the point of use within the foundation inte- 
grated circuit. Additionally, since the present invention 
integrates active devices as part of the power distribution 
plane, a level of performance and efficiency not possible 
with conventional PCB designs is possible. 

11. By providing a more reliable and stable power source, 
the present invention increases the reliability of existing 
digital, analog, and mixed-signal designs above that avaU- 
able in the prior art. Because the voltage fluctuations on 
the local power supply are drastically reduced as com- 
pared with the existing prior art, random external power 
fluctuations may be more easily filtered by the present 
invention before they impact the performance of the 
foundation integrated circuit. 

12. The present invention permits higher supply voltages to 
be utilized to power low voltage analog and/or digital core 
circuitry without the need for exotic integrated circuit 
process steps. The reliability problems with conventional 
circuitry with respect to stressing thin gate oxide are 
eliminated with the present invention topology. This capa- 
bility may in some circumstances permit the foundation 
integrated circuit to be powered from high voltage power 
sources such as the AC line and/or car and tmck batteries, 
thus eliminating the need for external AC/DC converters 
and/or regulators. 

13. The present invention provides the only known method 
of supplying peak currents on the order of hundreds of 
amperes for high density digital and analog designs that 
are at the forefront of today's and future growth trends in 
integrated circuit manufacture. 

14. The present invention permits the thermal gradient 
normally associated with regulator/switch pass devices to 
be largely eliminated. Since the regulatory^ass devices are 
positioned above/below the foundation integrated circiut 
which is powered by the pass device, the localized ther- 
mal increase is evenly distributed above the circuitry 
affected, Uius permitting precision anabg circuitry to be 
fully integrated in a mixed-signal environment with littie 
concern for errant thermal gradients across the chip. 

15. The present invention permits the only known method of 
incorporating anticipatory regulation within the power 
regulation methodology structure of an integrated circuit. 
This form of regulation is proactive, rather than reactive 
as taught within the prior art, and can in many circum- 
stances provide tighter regulation with less system over- 
head than required in the prior art. 

While the above list is only a partial depiction of the 
benefits of the present invention, more detail and informa- 
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lion is available by inspection of the accompanying draw- 
ings and informative text. 

BRIEF DESCRIPTION OF THE DRAWINGS 
Ibe file of this patent contains di least one photograph ^ 
executed in color. Copies of this patent with color photo- 
graphs will be provided by the Patent and Trademark Office 
upon request and payment of the necessary fee. 

For a fuller understanding of the advantages provided by 
the invention, reference should be made to the following 
detailed description together with the accompanying draw- 
ings wherein: 

FIG. 1 illustrates an exemplary block diagram of the 
problem posed in integrated circuit environments which 
must provide for VCPRS functionality; 

FIG. 2 ilhistrates a prior art approach to the local regu- 
lation of integrated circuit voltages in a multi-volti^c inte- 
grated ciFCuit environment (see Gerrit W. den Besten and 
Bram NauU, "Embedded 5V.to-3.3V Voltage Regulator for 
Supplying Digital IC's in 3.3V CMOS Technology", IEEE 
JOURNAL OF SOLID STATE CIRCUITS, VOL. 33, NO. ^0 
7, at 956-962 (July 1998)); 

FIG. 3 illustrates a conventional prior art P-channel style 
voltage regulator topology (sec Gerrit W. den Besten and 
Bram Nauta, "Embedded 5V-to-3.3V Voltage Regulator for 
Supplying Digital IC's in 3.3V CMOS Technology", IEEE 
JOURNAL OF SOLID STATE CIRCUITS, VOL. 33, NO. 
7, at 956-962 (July 1998)); 

FIG. 4 illustrates a conventional prior art N-channcl style 
source follower voltage regulator topology (see Gerrit W, 
den Besten and Bram Nauta, "Embedded 5V-to-3.3V Volt- 
age Regulator for Supplying Digital IC's in 3.3V CMOS 
Technology", IEEE JOURNAL OF SOLID STATE 
CIRCUITS, VOL. 33, NO. 7, at 956-962 (July 1998)); 

FIG. 5 illustrates a variation of the prior art N-channel 
style source follower voltage regulator in which a charge 
pump is utilized to increase the output voltage range of the 
system (sec Gerrit W. den Bc&tcn and Bram Nauta, "Embed- 
ded 5V-to-3.3V Voltage Regulator for Supplying Digital 
IC's in 3.3V CMOS Technology", IEEE JOURNAL OF 
SOLID STATE CIRCUITS, VOL 33, NO. 7, at 956-962 
(July 1998)); 

FIG. 6 illustrates a conventional prior art low-dropout 
regulator configuration that incorporates ratioed feedback to 
permit the use of bandgap references to control the output 
voltage regulation (see Gabriel A. Rincon-Mora and Phillip 
E. Allen, "A Low- Voltage, Low Quiescent Current, Low 
Drop-Out Regulator", IEEE JOURNAL OF SOLID-STATE 
CIRCUITS, Vol. 33, No. 1, ai 36-44 (January 1998)); 

FIG. 7 illustrates a typical cost analysis curve comparing 50 
integrated circuit chip die cost versus the size of the die (see 
Mark Dorais, "Analyze ASIC Designs To Optimize Integra- 
tion Levels", Supplement to ELECTRONIC DESIGN, at 
83-^6 (Aug. 9, 1999)); 

FIG. 8 illustrates a more exotic prior art design approach ss 
to using midti-level interdigitated metal interconnect to 
reduce the effective impedance of lateral MOSFET device 
structures (see Roger Allan, "Lateral CMOS Process Yiekls 
7.4V MOSFET With An On-Resistance of 6 mQ", ELEC- 
TRONICS DESIGN 36-37 (Jul. 12, 1999)); 60 

FIG. 9 illustrates a prior art switching regulator applica- 
tion from Maxim Integrated Products and its associated 
performance curves (see Maxim Integrated Products 
advertisement, "Highest Power Step-Up DC-DC Delivers 
50% More Current Without Package Penalty", ECN 65 
MAGAZINE, at 67, www.ecnmag.com/info (August, 
1999)); 
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RG. 10 illustrates a prior art switching regulator appli- 
cation from Linear Tedmology (see Linear Tcchnok)gy 
advertisement, ''SOT-23 Switchers Use Smallest Inductors", 
ECN MAGAZINE, at 55, www.eamiag.com/info (August, 
1999)); 

FIG. 11 ilhistrates an inductorless prior art power con- 
verter application from Texas Instruments and its associated 
performance characteristics (see Texas Instruments 
advertisement, "Industry's First Regulated, High-Current, 
Zero-Ripple Charge Pumps", ECN MAGAZINE, at 63, 
www.ecnmag.com/info (August, 1999); 

FIG. 12 illustrates prior art performance curves for an 
exemplary 1-step power converter style voltage regulator 
(see John Scago, Linear Technology Design Note 209, 
"2-Step Voltage Regulation Improves Performance and 
Decreases CPU Temperature in Portable Applications", 
www.linear-tech.com/go/dnLTC1736 (August, 1999)); 

FIG. 13 illustrates a typical circuit topology for a 1-step 
power converter system (sec John Seago, Linear Technology 
Design Note 209, "2-Step Voltage Regulation Improves 
Performance and Decreases CPU Temperature in Portable 
Applications", www.Iinear-tecb,com/go/dnLTC1736 
(August, 1999)); 

FIG. 14 illustrates a prior art performance curve for an 
exemplary 2-siep power converter style voltage regulator 
(see John Seago, Linear Technology Design Note 209, 
"2-Step Voltage Regulation Improves Performance and 
Decreases CPU Temperature in Portable Applications", 
www.linear-tech.com/go/dnLTC1736 (August, 1999)); 

FIG. 15 illustrates a typical circuit topology for a 2-siep 
power converter system (see John Seago, Linear Technology 
Design Note 209, "2-Step Voltage Regulation Improves 
Performance and Decreases CPU Temperature in Portable 
Applications", www.lin ear- tech,com/go/dnLTC 1736 
(August, 1999)); 

FIG. 16 illustrates prior art layout techniques for power/ 
ground bus routing within integrated circuits; 

FIG. 17 illustrates an exemplary embodiment of the 
present invention system; 

FIG. 18 illustrates an exemplary embodiment of the 
present invention method; 

FIGS. 19-21 illustrate an exemplary process flow cross 
section for the present invention; 

FIG. 22 illustrates a cross section of an exemplary Chen- 
style power MOSFET structure (as described in U.S. Pat. 
No. 5,216,275 for SEMICONDUCTOR POWER DEVICES 
WITH ALTERNATING CONDUCTIVITY TYPE HIGH- 
VOLTAGE BREAKDOWN REGIONS issued to Xingbi 
Chen on Jun. 1, 1993 and initially assigned to the University 
of Elearonic Science and Technology of China) that may be 
utilize in the formation of the pass devices in the regulator/ 
switch function; 

FIG. 23 illustrates an expanded view of the cross section 
presented in FIG. 22; 

FIG. 24 illustrates a cross section of an exemplary graded- 
drift-region MOSFET structure that may be utilize in the 
formation of the pass devices in the regulator/switch func- 
tion (see Ashok Bindra, "Graded-Drift-Region Technique 
for MOSFETs May Double Battery Life In Portable 
Devices", ELECTRONIC DESIGN, at 33-34 (Aug. 9, 
1999); U.S. Pat. No. 5,637,898 issued to Bantval J. Baliga 
on Jun. 10, 1997 for VERTICAL FIELD EFFECT TRAN- 
SISTORS HAVING IMPROVED BREAKDOWN VOLT- 
AGE CAPABILITY AND LOW ON-RESISTANCE); 

FIG. 25 illustrates circuit parasitics associated with prior 
art switched-mode and linear regulation methodologies; 
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FIG. 26 illustrates a preferred exemplary embodiment of will herein be described in detailed preferred embodiment of 

the present invention wherein switched-mode and/or linear the invention with the understanding that the present dis- 

regulator inductors and/or capacitors may be fully integrated closure is to be considered as an exemplification of the 

into the VCPRS system to eliminate circuit parasitics asso- principles of the invention and is not intended to hmit the 
dated with the prior art methodologies; s broad aspect of the invention to the embodiment illustrated. 

FIG. 27 illustrates a prior art technique for stacking The numerous innovative teachings of the present appli- 

multiple chips containing dififerent circuit functions such as cation will be described with particular reference to the 

memory, logic, analog, and digital (see Spencer Chin, presently preferred embodiments, wherein these innovative 

"Thru-Silicon Process Offers New Way to Build Stacked teachings arc advantageously applied to the particular prob- 
3-D Chip Packages", ELECTRONIC PRODUCTS (January lO lems of an integrated volUge/currenl/power regulator/switch 

2000); system and method. However, it should be understood that 

FIG. 28 ilhistratcs a typical power cfiSdcncy curve for these embodiments are only examples of the many advan- 

prior art DC-DC converteis; tageous uses of the innovative teachings herein. In general, 

FIG. 29 illustrates a typical minimum startup voltage statements made in the specification of the present appUca- 

curvc for prior art DC-DC converters; ^ necessarUy limit any of the variotjs claimed 

no. 30 iUustrates a typical prior art implementation of a inventions Moreover some sUtements may apply to some 

switched regulator with eiternaUy comiectLl filtering indue- "^J^^y^ features b„t not to others, la general unless 

tor and capacitor (see Tadahiro Kuroda, Kojiro Suzuki, ^^f'Y^ "^^^^'^^fj' elements may be m the pluial 

Shinji Mit^ Tetsuya Fujita, Fumiyuki Yamane, Fumihiko ^ "^""^ ^^'^^ °° ecnerahiy. 

Sano, Akihiko Chiba, Yoshinori Watanabc, Koji Matsuda, Definitions 
Takeo Maeda, Takayasu Sakurai, and Tohru Furuyama, 

"Variable Supply-voltage Scheme for Low-Power High- Throughout the discussion in this document the following 

Speed CMOS Digital Design", IEEE JOURNAL OF definitions will be utilized: 

SOLID-STATE QRCUITS, VbL 33, No. 3, at 454-462 Regulator/Switch not Limitive 

(March 1998)); Throughout the discussion of the present invention the 

FIG. 31 illustrates a typical prior art information appli- term 'regulator/switch' or 'voltage/current/power regulator/ 

ance systcm-on-a-chip architecture (see Geode SCI 400 switch (VCPRS)' will be utilized to indicate a circuit capable 

system-on-a-chip from National Semiconductor); of regulating and/or switching voltage and/or current and/or 

FIG. 32 illustrates a prior art voltage regulator topology power to one or more load circuits. The rationale for this 

utilized with digital loads; broad definition is that in many circumstances the regulator 

FIG. 33 illustrates a system block diagram of an exem- pass circuit (FIG. 1, 0102) will encompas a voltage and/or 

plary embodiment of the present invention as applied to a current and/or power regulation characteristic in addition to 

fully integrated anticipatory regulator/switch with founda- a method to completely switch off the voltage/current/power 
tion integrated circuit; 35 path to the load (FIG. 1, 0103). This switching capability 

no. 34 illustrates an exemplary timing diagram depicting may not be present in aU circuit embodiments, but will have 

the teachings presented in FIG. 33; ^l^ity ^ "lany applications. Similarly, there arc certain 

HG. 35 Ulustrates an exemplary embodiment of the applications in which the predominant function of the 

present invention utHizing deterministic power scheduling regulator/switch is one of switching only, and as such the 
as applied to a fully integrated anticipatory regulator/switch 40 regulation function is dimmisbed or non-existent. It should 

with foundation integrated circuit; emphasized that the leachmgs of the present invention do 

FlG.36iUustratesanexemplary timing diagramdepicting ^"^^^ combmalions of funcUons available m and 

the teachings presented in FIG. 35; encompassed by the term 'regula^^^^^^^^ 

.„ • , . 1 \feltage Regulator/Switch not Limitive 

HG. 37 dlustrates a conventional pnor art power supply .^^^^^.^^ ^ generalized voltage 
system for a typical mtegrated circuit load; ^ regulator/switch function as illustrated in FIG. 1. However, 

FIG. 38 illustrates an exemplary embodiment of the ^j^^^^,^ ^^^^^ ^^^^ ^^^^^ings may be equaUy 

present invcnuoo as apphed to a fully mtegrated AC-to-DC ^y^^ ^^^^ providing current and/or power 

conversion/regulation system; regulation/switching with no loss of generahty. Therefore, 

PIG. 39 lUusirates an exemplary embodiment of the ^^^^ 'voltage regulator/switch' should be impUcitly 

present invention as applied to an integrated appliance understood to include the potential for a 'current regulator/ 

control system network; switch' and/or 'power regulator/switch' with no loss of 

FIG. 40 iUustrates an exemplary embodiment of the generality, 

present invention as applied to an integrated automotive Additionally, any mention of the term 'regulation' within 
control system network; 55 Ihc context of this document should also be considered to 

FIG. 41 illustrates a silicon-on-insulator (SOI) embodi- inchide generalized power conversion as well, including but 

ment of the present invention; not limited to DC-DC power conversion. 

FIG. 42 illustrates an exemplary embodiment of the Pass Device not Limitive 

present invention as applied to increasing PSRR, reduction A pass device is an active power switch that may comprise 
of ground-bounce, and/or multiple supply rcguktion within go a metal oxide semiconductor field effect transistor 

an integrated circuit environment. (MOSFET), a bipolar junction transistor (BJT), oombina- 

DESCRIPTION OF THE PRESENTLY devices, and/or any other active semiconduc- 

PREFERRED EXEMPLARY EMBODIMENTS transconducting clement. Both N-type and P-type con- 
duction mechanisms are anticipated (along with their 

Embodiments arc Exemplary combinations), and thus N-channel, P-channel, NPN, and 

While this invention is susceptible of embodiment in PNP type transistors are specifically anticipated (without 

many different forms, there is shown in the drawings and limitation) within this context. 
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Chen-Siyle Slnicttire not Limitive Above/Below Noi Limitive 

Throughout the discussion herein reference will be made While in many preferred embodimeots of the present 

to Chen-style devices and structures. By this Icnn (Chen- invention the regulator/switch function is implemented in a 

style), reference is specifically made to U.S. Pal. No. 5,216, VCPRS structure positioned above the foundation integrated 

275 for SEMICONDUCTOR POWER DEVICES WITH s circuit, nothing in this disclosure should be construed to 

ALTERNATING CONDUCTIVITY TYPE HIGH- limit the structure to this embodiment. As will be illustrated 

VOLTAGE BREAKDOWN REGIONS issued to Xingbi „j jjjjg disclosure, the foundation integrated circuit may also 

Chen on Jun. 1. 1993 and iniUaUy assign«i to the University ^e fabricated above (on top of) the VCPRS structure, 

of Electromc Science and Technology of China. ^-^^^ context of this disclosure, the terms 

However. It should be noted that within th^do^^ .^^ove' and 'below' can be interchanged with no loss of 

term 'Chen-style refers to any mtegrated device structure ^j^^ ^^^^^^ ^^^^^^^ 

using the teachmgs of the Chen patent, whether or not the ° „ j • .t, ^ n ^ • ,u , tu . » 

leadings are specifically deUneaied by the claims. °° ^^^^^ ['"f^T- f 

Therefore, the tern 'Chen-style' will refer to any vertical ^^^^^on can also be miplemented uUhzmg a foundation 

transcondicting device geometry having complementary "^^8^'^^ '^'",ll?'o'' ^^'^f'f ^TS^ '"^^.u^^u^ 

conductivity type high-voltage breakdown regions. As illus- 15 structures, one VCPRS structure below the FIC and the other 

tratcd in FIG. 14 and FIG. 15, these complementary con- VCPRS structure created above the FIC. 

ductivity type high-voltage breakdown regions need not Formation Not Limitative 

directly contact the highly doped substrate to constitute a Within the context of the methods described in this 

device structure which is equivalent to the claimed Chen document, the term 'forai' or * formation' should be given a 

structure, but which in fact may not directly infringe the 20 broad interpretation and includes but is not limited to 

Chen claims. deposition, sputtering, growiog, or any other semiconductor 

Pass Devices Architecture not Restrictive process that may be used to achieve the desired fikn forma- 

Pass devices in the context of conventional voltage tion function, 

regulator/switches are typically oonstnicted to pass large Metal/Metalization not Limitive 

amounts of current and have been traditionally constructed 25 The present invention may mention the use of tungsten 

using horizontal (lateral) MOSFET and/or BJT structures. (W), aluminum (Al), copper (Cu), or other metals to perform 

While it is believed that the present invention is most metal interconnect functions. While this is believed to be the 

advantageously applied using vertical Chen-style MOSFET best method of implementing the present invention, in 

and/or BJT and/or DIODE sunictures, the present invention practice any form of conductive interconnect that can pass 

is not limited to this particular style of fabrication and may 30 electric current is suitable to implement the teachings of the 

use any of the other commonly available methods to fabri- present invention. While the use of metal (in some form) is 

catc the pass device, including all available horizontal/ highly desirable for its high conductivity characteristics, the 

lateral fabrication methods. While it is believed that the terms' me lal' and* me lalization' should be broadly construed 

Cheo-stylc construction methods provide the best overall to inchidc any form of conductive material capable of 

performance, variations on this construction style, including 3S passing an electric current. Similarly, the term 'conductor* 

methods described by Bagila are also anticqiated. should be given a broad interpretation within the context of 

Foundation Integrated Circuit the semiconductor process technology art. 

The terra 'foundation integrated circuit (FIC)' and its Insulator not Limitive 
variants refer to any integrated circuit structure that requires Where the present invention makes use of any form of 
a regulator and/or switching function for one or more power aq insulating material, it should be given a broad interpretation, 
sources. Generally, within the context of the present While the insulating layer in many preferred embodiments is 
invention, the foundation integrated circuit will serve as a typically silicon dioxide (SiO^), any insulating material 
fabrication foundation on which the integrated VCPRS will consistent with the fabrication process may be used, 
be formed. While the foundation integrated circuit may be of System Overview 
any technology type, it is specifically envisioned that the 45 ^ , . . 
present invention may be advantageously applied to CMOS The present invcnUon abandons the approach taken by the 
digital, anatog, and mixed signal integrated circuits, as these pnor art in utUizing lateral MOSFETs and/or BJTs to regu- 
circuits tend to have significant problems with respect to laic and/or switch power to a Urget integrated cu-cuit and 
ground bounce, power supply rejection ratio, power-supply instead integrates a vertical pass device above the founda- 
induced noise, and power supply voltage stabiUty due to 50 tion integrated circuit in order to regulate/switch power from 
losses associated with non-zero metal interconnect resistiv- » POwer source to the foundaUon integrated circuit, 
ity. Finally, it should be noted that the foundation integrated Referencing FIG. 17, the basic system (1700) begins with 
circuit need not actually make use of the regulator/switch a power source (1708) that supplies power to a foundation 
functionality fabricated vertically on its top. This regulator/ integrated circuit (1703) that is generally electrically con- 
switch function may be incorporated on the foundation 55 nected (1702) to a common ground (1701) reference voltage 
integrated circuit but used in conjunction with circuitry point. Instead of providing regulator/switch functionality 
external to the foundation integrated circuit. within the foundation integrated circuit (1703) the voltage 
Target Integrated Circuit regulator/switch (1707) in this exemplary embodiment is 

Within the context of this discussion, the term 'target oriented above and on top of the foundation integrated 

integrated circuit' or 'regulated integrated circuit', will refer 60 circuit (1703). An insulating layer (1705) separates the 

to an integrated circuit that requires some forai of regulation voltage regulator/switch (1707) and the foundation inte- 

and/or switching functionality. Within this context, the term grated circuit (1703), with one or more via-style intercon- 

'target integrated circuit' wiU refer generally to prior art nect punchthroughs (1704) providing a conducting means to 

system configurations utilizing on-chip lateral pass devices. supply power from the voltage regulator/switch (1707) to 

It is significant to note that Chen-style devices are not 65 the foundation integrated circuit (1703). 

amenable to use in these applications using the teachmgs of Within the context of the present invention, it is envi- 

the prior art. sioned that the best modes of the present invention will also 
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include a metalizcd back plate (1706) on lop of ihe insulai- 
ing layer (1705) to support the voltage regulator/switcb so as 
10 provide both a fabrication platform for the voltage 
regulator/switch (1707) and/or a means for conducting cur- 
rent from the voltage regulator/swiich to the via-style inter- 
connect punchthroughs (1704). 

Method Overview 

The system as described in FIG. 17 may be implemented 
using a process/method as exemplified by the process flow- 
chart of FIG. 18 and corresponding process flow sections in 
FIGS. 19-21. While many variaticms of the ilhistrated arc 
possible, the exemplary flowchart and process section flo^ 
wiU provide one skilled in the art with sufficient information 
to broadly apply the teachings of the present invention to a 
□umber of other process technologies and £abrication meth- 
ods without loss of generality. As with all method explana- 
tions provided in this document, steps may be added or 
subu-acled depending on the requirements of the specific 
integrated circuit fabrication process flow, and the process 
flow cross sections arc not necessarily to scale. 

Referencing FIGS. 18-21, the integrated VCPRS method 
(1890) begins with first fabricating a foundation integrated 
circuit (FIC) (1800, 1900) that may be of any commercial 
design. As indicated previously, a major advantage of the 
present invention is that it may be advantageously applied to 
existing integrated circuit designs and a wide variety of IC 
fabrication techniques. 

Once the foundation integrated circuit has been fabricated 
(1800, 1900) with corresponding power supply contacts 
(1911), an insulating layer is formed on the FIC and option- 
ally planarized (1801, 1901). While this insulating layer is 
typically silicon dioxide (Si02), any insulating material 
consistent with the fabrication process may be used. Once 
this insulator has been formed (1801, 1901), a mask print 
step (1802, 1902) is performed to expose the top of the FIC 
power supply contact layer. This step permits exposure of 
the points in the FIC that are to be connected to a power 
source. This step (1802, 1902) exposes the power supply 
contacts within 'trenches' of the insulating layer. 

These trenches arc then prepared for filling by a conduc- 
tive material such as tungsten (W), copper (Cu), or the like 
by first forming (usually deposited) a barrier/adhesion layer 
such as a titanium film/trinitride etch, dual damacscene, etc. 
(1803, 1903). Then a conductor (tungsten, Cu, or some other 
electrical conductor) is formed (typicaUy by sputtering) over 
the selected power supply contacts to fiU voids and create 
substantially vertical interconnecl(s) to the foundation inte- 
grated circuit power structure (1804, 1904). While the use of 
tungsten (W) is preferred in many embodiments, the present 
invention does is not limited to the use of tungsten (W), but 
permits any suitable metal or conductive material (such as 
copper) to be used for this purpose. Thus, any suitable 
adhesion preparation step and conductive interconnect may 
be substituted in FIG. 18 with no loss of generality in the 
teachings of the present invention. 

Once the contact trenches have been filled (1804, 1904), 
the conductive material formation (deposition/sputtering) 
process continues (1805, 2005) until a metalizcd base plate 
has been fabricated. This base plate forms the basis for the 
formation of the regulator/switch (1707, FIG. 17) and is 
depicted symbolically as (1706) in FIG. 17. At this point an 
alignment/exposure/etching process is invoked (1806, 2006) 
to generate any necessary power supply 'islands' among the 
various foundation integrated circuit power supply busses. 
Note Uiat while RG. 17 indicates a single metal^sed base 
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plate (1707), in practice there may be a plethora of metalized 
base plate structures (2006), each supplying power to por- 
tions of the foundation integrated circuit. This configuration 
permits the regulator/switch to control various portions of 
5 the foundation integrated circuit independently of other 
portions of the foundation integrated circuit. This indepen- 
dent regulation/switching functionality comes with no addi- 
tional chip area penaUy, a feature not available in the prior 
art. 

10 The VCPRS system is then fabricated (1807, 2007) on top 
of the metal base plate (1706, FIG. 17) typically using an 
epitaxy growth process that is well known in the art. See 
Stanley Wolf and Richard N. Tauber, SILICON PROCESS- 
ING FOR THE VLSI ERA— VOLUME 1: PROCESS 

15 TECHNOLOGY, at 124-160 (ISBN 0-961672-3-7, 1986). 
The topology is then relieved with a thick spacer (1808, 
2108) to provide insulation for the formation and patterning 
of the initial global interconnect layers (1809, 2109). At this 
point any inter-island voids arc filled with an insulating 
material and planarized (1810, 2110) and then the FIC 
interconnect formation is completed (1811, 2111). The entire 
process may then be optionally scaled by covering the 
integrated circuit with a protective glass to increase system 
reliability. 

25 

VCPRS Active Layer 

The VCPRS active layer (2007, FIG. 20) that is formed on 
the conductive base plate (2006, FIG. 20) may comprise a 
wide variety of active devices, but of special interest in 
many preferred exemplary embodiment is the use of Chen- 
stylc and other vertical MOSFET and BJT devices and the 
like. These structures have merit in many applications 
because they possess both high breakdown voltage 

35 resistance, low gate capacitance, as well as low RDS (on) 
resistance. This combination permits the present invention 
to utilize high voltage regulator^witdi pass devices in 
situations where the FIC is a low voltage Qwssibly digital) 
integrated circuit. Additionally, the low effective gate 

^ capacitance permits high bandwidth feedback regulation 
schemes to be implemented with low active current con- 
sumption. 

Furthermore, there is an advantage to this newly disclosed 
topology that is not readily apparent from the process flow 

45 diagrams of FIG. 19-21. Since the VCPRS pass devices can 
essentially consume the entire area of the FIC (on top of or 
on the bottom of the FIC), they will possess a very low 
RDS(oo) resistance even if the process used to create them 
is not of the same caliber as the FIC fabrication process. 

50 Since the active area of the VCPRS pass device is so huge 
in comparison with the loads that they must regulate/switch, 
the present invention topology can turn a mediocre pass 
device process into a high performance process by the use of 
additional silicon area on the top/bottom of the FIC. Note 

5S that ALL of the silicon area consumed by the VCPRS pass 
devices is essentially FREE, as no FIC area below the 
VCPRS pass device is used to support the VCPRS pass 
devices since the power supply contacts (1911, FIG. 19) 
were required even if the VCPRS pass devices had not been 

60 utilized. 

Another advantage to the proposed topology and method 
include the fact that the VCPRS active layer need not be (he 
same intrinsic semiconductor type as that of the FIC. Since 
the VCPRS active layer is typically grown using an epitaxial 
65 growth/deposition process, it may be doped as required to 
achieve the desired 'substrate' type for the VCPRS. 
Similarly, Chen-style devices need not have fuU contact 
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between the sidewall complemenlary semiconductor regions 
and the epitaxial layer/substrate of the VCPRS active region 
as illustrated by the exemplary structures of FIGS. 22-23. 

The concentration on vertical devices in this application 
should be interpreted in its broadest possible fashion. For ^ 
example, recently disclosed graded-drift-region MOSFETs 
as illustrated in FIG. 24 fall within this category, even 
though such devices have breakdown characteristics not on 
par with Chen-style devices. Sec Ashok Bindra, "Graded- 
Drift-Region Technique for MOSFETs May Double Battery 
Life In Portable Devices". ELECTRONIC DESIGN, at 
33-34 (Aug. 9, 1999); U.S. Pat. No. 5,637^98 issued to 
Bantval J. Baliga on Jun. 10, 1997 for VERTICAL HELD 
EFFECT TRANSISTORS HAVING IMPROVED BREAK- 
DOWN VOLTAGE CAPABILITY AND LOW 15 
ON-RESISTANCE. These devices use more conventional 
process steps (and fewer of them) in fabricating the VCPRS 
active layer, and for economic reasons may be preferable in 
some applications. 

It should be noted here that lateral devices may also be ^ 
constructed in the VCPRS active layer and used as pass 
devices in regulator/switch functions. While these devices 
arc not as efficient as Chcn-stylc devices in high-voltage 
and/or high-current applications, they may for economic 
reasons be the preferred mode of implementing pass devices ^ 
given the process limitations of a given semiconductor 
fabrication facility. 

SOI Process Variations 
Overview 30 

As slated in the literature, semiconductor silicon-based 
processes that isolate active devices utiUzing by surrounding 
the device with an insulator rather than a PN junction are 
referred to as silicon-on-insulator (SOI) technologies. These 
process technologies tend to provide full electrical isolation 35 
of each device from the surrounding devices by utilization of 
an insulating substrate rather than the traditional PN junction 
used in bulk silicon CMOS processing. These 
methodologies, while available for more than a decade, have 
not found widespread commercial implementation because 40 
of the extra process steps required for their implementation 
and additionally because most integrated circuit designs 
have been narrowly constrained so as to not need the 
isolation features of this technology. 

Despite assertions in the literature that "[j]unction isola- 45 
lion is not suitable for high-voltage applications because at 
supply voltages of ±30V junction breakdown occurs under 
reasonable doping levels and device-structure dimensions", 
(sec Stanley Wolf, SIUCON PROCESSING FOR THE 
VLSI ERA— VOLUME 2: PROCESS INTEGRAnON, at 50 
66 (ISBN 0-961672-4-5, 1990). the performance charactei- 
istics of Chen-style devices defies this generalization and 
provides a new opportunity to revisit the potential for 
integrating junction isolation techniques with emerging 
silicon-on-insulator (SOI) isolation technologies when ss 
coupled with the teachings of the present invention. 
Specifically, with respect to SOI technologies, it must be 
observed that the exemplary structure illustrated in FIG. 17 
may be further generalized to make use of SOI technologies 
to great advantage not present in the prior art. 60 
VCPRS SOI Structure 

Referencing FIG. 41, it can be seen that this structure 
topology is essentially reversed from that depicted within 
FIG. 17. Here the VCPRS (4103) is constructed on a 
metahzed base plate (4102) with conductive routing layer 65 
(4104). Using conventional SOI fabrication technology, an 
insulating layer (4105) is formed on top of the conductive 



routing layer (4104). On top of this insulating layer the 
foundation integrated circuit is formed (4107). Power is 
supplied from the VCPRS to the foundation integrated 
circuit through conductive vias (4106) that punch through 
the insulating layer (4105) and contact the conductive rout- 
ing layer (4104) on the VCPRS (4103). Power (4109) is 
supplied to the VCPRS (4103) using either direct bonding on 
the VCPRS or with vias (4108) that punch through the 
foundation integrated circuit (4107) through the insulating 
layer (4105), to the conductive routing layer (4104) to the 
VCPRS (4103). 
SOI Process Advantages 

It is instructive to ask at this point what potential advan- 
tage the structure of FIG. 41 provides over thai of FIG. 17. 
TTiis may be answered by observing that the VCPRS struc- 
ture (4103) of FIG. 41 may be fabricated on bulk silicon 
using high temperature processes. After the insulating layer 
(4105) is deposited, the foundation integrated circuit (4107) 
can then be formed using conventional CMOS low tempera- 
ture processes. Thus, the process stability of the entire 
system is thus enhanced. Furthermore, the efficiency and 
voltage breakdown characteristics of the VCPRS (4103) 
pass devices may be dramatically improved using this 
technique. 

Furthermore, the use of SOI technology permits further 
electrical isolation of the subsystem blocks in the foundation 
integrated circuit (4107). This capability aids in fabrication 
of systems-on-a-chip in which mixed-signal designs incor- 
porate both analog and digital systems on a single integrated 
circuit. What is significant to note in the teachings of the 
present invention as illustrated in FIG. 41 is that the level of 
isolation possible with the present invention is far superior 
to that of the prior art. The prior art would leach that the 
power supplies used to power the foundation integrated 
circuit would be drawn from the same common source and 
routed using conventional metalization from common bond 
pads on the die. The present invention would place indi- 
vidual regulator/switch functions on these power supply 
distribution lines, and thus provide active isolation hrom one 
supply to another, thus increasing PSRR of the entire 
system-on-a-chip. 

While this process variation does require the use of SOI 
technology (see Stanley Wolf, SILICON PROCESSING 
FOR THE VLSI ERA— VOLUME 2: PROCESS 
INTEGRATION, at 66-83 (ISBN 0-961672-4-5, 1990), and 
the use of epitaxial fihn growth techniques (see Stanley Wolf 
and Richard N. Tauber, SIUCON PROCESSING FOR THE 
VLSI ERA— VOLUME 1: PROCESS TECHNOLOGY, at 
124-160 (ISBN 0-961672-3-7, 1986)), these techniques are 
well known io the art. 
Power Dissipation/Hcat Extraction Issues 

One significant advantage of the structure illustrated in 
FIG. 41 as compared to FIG. 17 concerns power dissipation 
and heat extraction. Since it is envisioned that the VCPRS 
stnicmre will be a major point of power dissipation in the 
overall integrated circuit system, the structure of FIG. 41 
permits this heat source component to be directly bonded to 
the lead frame that may constitute the metal backing plate 
(4102) or some other attachment connected to the VCPRS 
substrate (4103). By directly contacting a heat sink sUucture 
such as the package leadframe, the configuration of FIG. 41 
may provide some thermal resistance improvements over 
some configurations including that of FIG. 17. 
Ground Bounce Regulation 
Overview 

One potential configuration utilizing the structure of FIG. 
41 is in the area of ground bounce regulation. It is often the 
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case thai power disiributioD mechanisms such as illustrated 
in FIG. 16 (whether tree -style or single -point) result in what 
is called "ground-bounce" when high currents are switched 
into the ground bus of the integrated circuit. This may occur 
when switching external capadtive loads, or when switching 
internal chip components. The result of this charge injection 
into the chip ground bus and substrate is generally a sig- 
nificant amount of noise that is injected into the power 
supply of ALL chip components, albeit through the ground 
rather than power distribution bus. 
Ground Bounce Regulation 

One method that may alleviate this problem to some 
extent is to use the structure of FIG. 41 to regulate the local 
GROUND bus within each separate section of the integrated 
circuit. This technique is illustrated in HG. 42. Here power 
connections to the integrated circuit system are implemented 
using a stiff VDD power bus (4201) and a stiff VSS ground 
bus (4202). Within the context of the present invention, this 
may be simply a top/bottom coat of metalization to the 
finished integrated circuit to which VDD/VSS connections 
are made. 

The architecture of this ground-bounce resistant ardiitec- 
ture can be seen by noting that for each of the plethora of 
FIC subcircuils (4221, 4222, 4223) in the entire integrated 
system, those that are susceptible to ground bounce will 
incorporate both a VCPRS VDD pass structure (4211, 4212, 
4213) and a VCPRS VSS pass stnicture (4231, 4232, 4233). 
These independent VCPRS structures serve to isolate the 
FIC subcircuils (4221, 4222, 4223) electrically from a power 
consumption perspective so that the overall noise generated 
by each system may be actively isolated by the VCPRS 
structures (4211, 4212, 4213. 4231, 4232, 4233) from the 
power busses (4201, 4202) and other portions of the FIC 
circuitry. Note that interconnections between FIC compo- 
nents can be either direct (4241, 4242, 4243) or may 
incorporate some form of filtering to further isolate sensitive 
FIC circuitry from PSRR induced noise in the power supply 
systems. 

Slew Rate Limitations 

One significant application of this structure is in slew rale 
limitations involving bond pad (1/0) drivers on the inte- 
grated circuit. Since the ground bounce incurred by the bond 
pad (I/O) driver depends in part on the capacitive/inductive 
load that is connected to the driver, limiting the outrush/ 
inrush currents to an acceptable level to prevent collapse of 
the internal power supply busses is of great concern in a 
large chip design. Here this issue may be easily solved by 
incorporating current and/or power regulation of the bond 
pad (I/O) driver subsystem, thus isolating this from the 
remainder of the chip and also limiting the impact of the 
driven bond pad load irrespective of the load externally 
connected to the integrated circuit. 
EMI Considerations 

This technique has si^ificance not only from a power 
system and noise integrity perspective but also from an 
electromagnetic interference (EMI) perspective. Since the 
bond pad (I/O) driver is connected to the driven load via a 
bond pad metalization structure and associated bond wire 
leads, the inductance associated with these components in 
conjunction with the high frequency components dictated by 
the slew rate of the driven bond pad signal create a small 
radio frequency (RF) transmitter in every high frequency 
digital system. This RF energy utilizes the bond wire and 
bond pad metalization as an antenna and is radiated indis- 
criminately outside the confines of the integrated circuit. 

Tight regulatory requirements by the U.S. FCC and other 
national regulatory agencies dictate that this EMI/RF emis- 
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sion be below a regulated threshold if a given product is to 
be allowed for sale in the country of interest One technique 
that has been used to limit this EMI/RF emission is that of 
slew rate control and/or switching the bond pad (I/O) driver 

5 off during periods of non-use. Both techniques are ideally 
suited for use with the disclosed VCPRS structure as well as 
the exemplary embodiment of FIG. 42. 

One skilled in the art will have no trouble incorporating 
the teachings of the prior art with the present invention to 

10 affect a system with considerably lower EMI than is cur- 
rently possible with the prior art. Note that the sandwiching 
of the VDD/VSS busses (4201, 4202) around the FIC 
circuitry (4221, 4222, 4223) tends to provide additional EMI 
shielding not possible in the prior art even if the VCPRS 

IS structures are not implemented with every bond pad driver 
strucmre. This additional shielding tends to minimize the 
source of on-chip EMI radiation, a significant contributor to 
the overall RF/EMI problem. 
Multiple Supply Integration 

20 Of interest to persons wishing to fully incorporate a 
variety of dissimilar (and possibly incompatible) systems on 
a given integrated circuit is the potential provided by the 
present invention to incorporate a variety of supply voltages 
on a given integrated drcuit. As an example, a fully inte- 

25 grated single -chip disk drive controller chip might require 
the use of +12V to drive the spindle of the disk drive, +5V 
to run the read/write sense amplifiers for the disk drive 
heads, and 4 1. 5 V to run the interface logic that conmiuni- 
cates to the host CPU. Traditionally these functions had to 

30 be incorporated on separate integrated circuits. 

However, with the present invention this separation need 
not be mandatory. As exemplified by the diagram of FIG. 42, 
the VCPRS VDD structures (4211, 4212, 4213) can be 
configured to supply different voltages to different portions 

35 of the FIC (4221, 4222, 4223) irrespective of the power 
supply voltage value. This technique may be especially 
useful in battery-powered systems where the battery voltage 
may fluctuate widely yet the power requirements for the disk 
drive spindle remain relatively fixed. While not specifically 

40 illustrated in FIG. 42, it will be apparent to one skilled in the 
art that there may be a multiple number of VDD power 
busses (4201) with no loss of generality in the teachings 
illustrated by the figure. 
Dissimilar SubsU^ate Types 

45 What should be apparent from the above discussion of 
SOI technology to one skilled in the art is the fact that the 
present invention permits the use of different substrate types 
for both the VCPRS (4103) and the foundation integrated 
circuit (4107). This potential was also available in the 

50 context of FIG. 17, but is more exciting in the context of a 
full SOI implementation since the VCPRS may be optimized 
for high current carrying capacity and can be totally inde- 
pendent from the substrate diaracteristics of the foundation 
integrated circuit. 

55 Conductive Interconnect Mask Alignment 

One issue that may be raised by the reader regarding the 
topology of FIG. 41 is how the conductive via interconnect 
(4106) from the VCPRS (4103) to the HC (4107) is aligned 
during and after the formation of the insulating layer (4105). 

60 These masking alignment and regisU-ation steps would nor- 
mally be performed optically by a machine or fab operator. 
In this application, however, it is possible to use ultraviolet 
and/or infrared light to "see" though the VCPRS substrate 
(4103) to the backside metalization (4102) that may be 

65 patterned with alignment marks suitable to perform the mask 
alignment and registration process. None of this equipment 
or the technique just described is beyond the scope of one 
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skilled in the an of semiconductor fabricatioo lo implement nology. See Gerrit W. den Besten and Brain Nauta, "Embed- 
on a production basis. dcd 5V-to-3.3V Voltage Regulator for Supplying Digital 

IC's in 3.3V CMOS Tedmotogy", IEEE JOURNAL OF 

Preferred System Context of the Present Invention SOLID STATE CIRCUITS, VOL. 33, NO. 7, at 956-962 

As mentioned previously, the present inycmion is ame- s ^^^^^^ ^ ^ ^^^^^ 

nab e to a wide vanety of apphcaUons. While the following .^^^ ^^^^ j^.' ^^^^^ ^^^^^ ^^^^^^ ^ 

applications arc not Imi.laUvc of the teachings of the present integrated into conventional integrated circuit process 

invention, they will provide one skilled m the art suffiaenl g^^^ disparity between the low-voltage digital process 

information to both apply the teachings of the present high-volUge analog processes required 

invention and aid in understanding the wide scope of appli- lo fo^ switched mode regulators seems lo have foreclosed any 

cation possible using the novel techniques disclosed by the practical method of merging these technologies, save for the 

present invention. use of multi-chip modules or similar hybrid construction 

Throughout the following discussion, the reader should be techniques. Even with modem system-on-a-cbip architec- 

aware of the following common themes: nires as illustrated in FIG. 31, local regulation of power 

1 . Integration of high voltage pass devices with low voltage supply voltages has been relegated to off-chip circuitry, 
integrated circuit components on a single integrated cir- Drawbacks of Existing Designs 

cuit. While it is quite settled that for high power applications 

2. Elimination of RGB board area by integration of all it is standard practice to utilize a system partition in which 
system components on a single integrated circuit. the power regulation and control circuitry is embodied in a 

3. Increased system reliability due to fewer component ^ separate integrated circuit from the integrated circuit being 
interconnections, powered, this is by far not an optimal configuration from a 

4. Integration of power regulation/switch functions with power flow and regulation perspective. The rationale behind 
dense digital supervisory microprocessor circuitry. This this statement is best illustrated graphically. 

merging of power devices and complex digital circuitry Referencing FIG. 25, a typical regulator system compris- 

has been largely unavailable as a design option when ^ ing a switching regulator (2501) powering a complex load 

fabricating integrated circuits. (2502) is depicted. This illustration details several of the 

5. Significantly improved RDS(on) performance for appli- parasitics that impact the performance of such systems. In 
cations requiring pass devices. particular, it should be noted that the ahhough this system 

6. New power control and regulation methodologies not depicts direct output of regulated power from the switching 
presently possible with the prior art. regulator (2501) bond pad (2511) to the VDD bond pad 

7. Improvements in overall system cost due to increased (2519) of the complex load (2502), there are several para- 
integration levels. sitics of interest in this path. Particularly, the bond wire 

These themes should in no way be construed to limit the inductance (2512) and resistance (2513), lead frame indue- 

scope or application of the present invention. tance and resistance (2514), PCB trace complex impedance 

. (2515), complex load lead frame inductance and resistance 

Local Integration of Power Convecsion ^2516), complex load bond wire resistance (2517) and 

Overview resistance (2518). All of these parasitics tend to make stable 

It is quite apparent from inspection of the literature and regulation of the voltage at the VDD bond pad (2519) 

after viewing FIGS. 2-6 that the subject of voltage regula- ^jf^calt This regulation problem is exacerbated given the 

tion and more specifically power conversion is of paramount 40 ^^^^ ^2502) may experience high toad 

concern in the semiconductor and electronics industry. Driy- ^^^^ demands with fast slew rates, 

ing this emphasis is a migrauon towards more portable Additionally, the use of inductors (2541) and sometimes 

systems that invariably means power supplies that are driven capacitors as energy storage elements in switched-mode 

with battery power. Given that the voltages associated with regulators is a necessity with modern power supply 

the most efficient and practical batteries available arc not 45 designs. What is significant to note in these circumstances is 

compatible with modem semiconductor processes, there has ^^^^ ^^^^ parasitic path to/from the switching inductor 

been and wiU continue to be a need for efficient power (comprising the bond pads (2521, 2531), bond wire induc- 

conversion and regulation systems to convert the power ^^^^^ .2522, 2532), bond wire resistances (2523, 2533), 

available from existing battery supplies to clean, regulated, ^^^^ ^^^^^ inductances and resistances (2524, 2534), PCB 

supply voltages/currents that are compatible with the pre- 50 ^^^^ complex impedances (2525, 2535) and parasitic trace 

vailing semiconductor processes used to create portable resistances (2526. 2536)) lends to reduce the quality factor 

electronic equipment. ...... (Q) of the switching inductor (2541) to below its optimal 

TVaditionally, this power conversion fiinction has been ^^^^^ ^^^^ ^j^^^ resistance elements in this chain 

performed by separate integrated circuits, as Ulustrated by ^^^^ switching inductor direcUy reduce the Q of the series 
the indiKtry exampl^ in FIGS. 9-15. This pamtionmg of 55 ^^^^^j inductance (2541) due to the relation 
system function has been traditionally dictated because the 

process requirements for the power converter integrated ^ 

circuits was incompatible with the circuit being powered Q= -~- = 
(i.e., the power converter required an analog process and the 

device being powered was purely digital). This system 60 

partitioning continues lo be the predominant, if not See David M. Pozar, MICROWAVE ENGII^ERING, at 

exclusive, industry trend and there appears to be Utile if any 334 GSBN 0-201-50418-9, 1990). 

interest in integrating the voltage regulator/switch functions From the prior art system architecture illustrated in FIG. 

on the same chip die as the logic/circuitry being powered. 25, it can be seen that there are significant issues regarding 

There are some special purpose exceptions to this rule 65 reduction of system parasitics that must be addressed before 

involving linear voltage regulators, but they generally fail to any meaningfiil improvements in switching regulator effi- 

provide a scalable means of extension using current tech- ciency can be obtained. Unfortunately, there is nothii^ in the 
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prior art that teaches how these parasilics may be eliminated feedback control than is passible with existing lateral device 

from the existing systems. WhQe manufacturers have con- designs. Furthermore, ihis lower capacitance value permits 

centrated on manufacturing iheir switching regulators in higher switching speeds to be achieved using Qien-style 

smaller packages (sec FIGS. 9-11), nothing has been done devices, a desirable characteristic in switching power regu- 

lo date to address these inherent system architecture prob- 5 lator applications. 

Icms with the current design methodology. Fully Integrated Power Management 

Present Invention Advantages Note that the integration of switching power regulators in 

Reduced RDS(on) Pass Resistance the context of a fully integrated power management scheme 

As mentioned previously, one key performance consid- is specifically anticipated by the present invention. To dale 

eralion in the construction of regulator/switch functions is lo this capability has not been possible because the processes 

that of the impedance of the regulator/switch pass device. associated with switching regulators and the analog/'digital 

Traditional on-chip regulator/switch pass devices required circuits that they regulate have been incompatible. The 

that lateral devices be utilized, with a corresponding limi- present invention provides a mechanism whereby these 

tation on minimum RDS(on) resistance. To achieve low disparate processes may be integrated with higher system 

RDS(on) values, the active pass devices required a large J5 performance characteristics than available with the prior art 

device area (A) for fabrication, resulting in increased die Significant Reduction of System Parasitics 

costs and lower system yield and reliability. The present invention teaches that the optimal placement 

Hie present invention permits the use of a wide variety of for switched-mode inductors and/or capacitors in high per- 

vertical devices to be utilized as the pass device, and this formance systems is direct attachment to the integrated 

opens up a new opportunity for system integrators to achieve 20 circuit coostimting the complex load. By integrating the 

very low RDS(on) vahies without sacrificing additional diip switchcd>mode regulator AND the complex load on a single 

die area. Fuithermore, the present invention specifically substrate, the present invention permits all the parasitics 

anticipates the use of Chcn-stylc and graded-drift>iegion associated with bond wire resistance/inductance, lead frame 

power MOSFETs and BJTs that have the capacity to lower impedance, and PCB trace impedance to be eliminated, 

the effective RDS(on) values by a factor of 1000 or more 25 Furthermore, the PCB area normally assodaied with the 

over existing lateral devices. For example, the literature has switched-mode regulator circuitry is completely eliminated, 

referenced a design in which a 3Q pass device was required making for a more compact and cost-efficient system design, 

for an on-chip regulator implementation. (See Gerrit W. den This technique is illustraled in the exemplary embodiment 

Beslen and Bram Nauia, "Embedded 5V-lo-3.3V Voltage of FIG. 26 (2600), wherein a fully integrated complex load 

Regulator for Supplying Digital IC's in 3.3V CMOS 30 (PIC) (2603) is supported with regulated power from a 

Technology", IEEE JOURNAL OF SOLID STATE VCPRS (2607) fabricated above the FIC (2603). Here, 

CIRCUITS, VOL. 33, NO. 7, at 956-962 (July 1998)). however, rather than having the required switched-mode 

Using a conventional Chen-style vertical power MOSFET capacitor(s) (2611) and/or inductor(s) (2612) mounted exter- 

structure would yield an RDS(on) value on the order of 3 nal to the integrated circuit, they arc mounted directly to the 

mQ to 30 mQ or two to three orders of magnitude lower than 35 VCPRS (2607), thus completely eliminating the parasitics 

that of the prior art. It is significant to note that since power normally associated with external connections. This serves 

dissipation (P) is proportional to the voltage drop squared to not only improve the energy eflSciency and power supply 

over the value of RDS(on) (P«»V^/RDS(on)), the power performance of the entire system, but also permits the entire 

savings associated with a lower RDS(on) value is directly switching regulator system to be shielded to minimize EMI 

proportional to deaeases in the RDS(on) value of the 40 and RF emissions from the switching regulator. 

MOSFET pass transistor. Reverse Engineering/IP Security 

It should be noted here that while the present invention While not a predominant consideration in the implemen- 

anticipates that many applications will take advantage of the tation of the present invention, it should be mentioned that 

Chen-style MOSFET devices, there are other active devices a side benefit of the present invention is additional security 

described in the Chen patent that may equally be of use in 45 that is provided to protect the foundation integrated circuit 

some applications using the teachings of the present inven- from reverse engineering efforts by third parties used to 

tion. Additionally, gradcd-drift-region devices developed by breach security of the intellectual property (IP) associated 

Baliga and illustrated by the exemplary structure in FIG. 24 with the foundation integrated circuit design, 

may be cquivalently substituted in this application with no The present invention requires that the foundation inte- 

loss of generality. See Ashok Bindra, "Graded-Drift-Region SO grated circuit be covered with the regulator/switch function 

Technique for MOSFET^ May Double Battery Life In Por- as implemented with a separate set of metal and semicon- 

table Devices", ELECTRONIC DESIGN, at 33-34 (Aug, 9, ductor layers. This coverage of the lower foundation inte- 

1999); U.S. Pat. No. 5,637,898 issued to Bantval J. Baliga grated drcuit makes visual reverse engineering of the foun- 

on Jun. 10, 1997 for VERTICAL FIELD EFFECT TRAN- dation integrated circuit exceedingly difficult, and 

SISTORS HAVING IMPROVED BREAKDOWN VOLT- 55 completely prohibits probing of the active foundation inte- 

AGE CAPABILITY AND LOW ON-RESISTANCE. grated circuit. This characteristic is extremely valuable in 

Reduced Gate Capacitance applications where a large capital expenditure has been 

One significant aspect of the prior art that is improved required to generate the IP associated with the foundation 

upon by the present invention's ability to use Chen-style integrated circuit, and it is desirable to protect the IP in this 

pass devices is the issue of gate capacitance. Since the 60 resource from the prying eyes of competitors. Examples of 

Chen-style devices have superior low capacitance perfor- situationsin which this approach has high value is in the area 

mance in this arena (reference the Chen patent cited else- of complex microprocessor systems where the resources 

where in this document), their implementation in various required to generate the IP design are considerable, 

embodiments of the present invention is a big design win. Encryption Secxirity 

Since higher gate capacitance results in slower operation and 65 The present invention is particularly amenable to situa- 

more pronounced Miller capacitance effects, the low gate lions where the energy dissipated by a given system is 

capacitance of Chen-style devices permits tighter regulator desired to be normalized to a given level to minimize the 
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possibility of cryptographic defeat based on measured 
energy consumption of a wireless or other secure device. 
Hie requirement of powCT normalization is well known in 
the art See James Goodman, ^ram P. Dancy, and Ananiha 
P. Cfaandrakasan, ''An Energy/Security Scalable Encryptioa 
Processor Using an Embedded Variable Voltage DC/DC 
Ginverter", IEEE Journal of Solid-Sute Circuits, Mil 33, 
No. II, at 1799-1809 O^ovcmber, 1998). 

Anticipatory Switch Regulator Cloddng 
Overview 

As discussed previously, the power regulator/switch func- 
tions bave traditionally been partitioned outside of the 
integrated circuit being powered. This has lead to a problem 
that many circuit designers bave encountered, but which few 
have completely solved. Since the power regulator and the 
circuitry consuming power are decoupled, there is generally 
no feedback from the complex load to the power regulator 
to inform it of future or imminent increases in power 
demands. 

This concept may best be illustrated by viewing FIG. 1 
and noting that the complex load (0103) has no method of 
informing the voltage/currenl/power regulator (0102) prior 
to the demand for extra power that such a demand will be 
forthcoming. This observation leads to the correct conclu- 
sion that the power consumption model used by most, if not 
all, voltage/current^ower regulator manufactiurers is one of 
asynchronous and random load demands by the complex 
load (0103). 

Note that this observation is more realistic and consider- 
ably more accurate if there is only one VCPRS in the system 
(0102) that powers both a given complex load (0103) and 
any other loads (0105) in the system (this assumes that the 
functions of voltage/current/power regulator (0105) have 
been subsumed by (0102)). The asynchronous nature of 
these independent system power demands would tend to 
make the power demand curve more random, but there 
would still be individual characteristics attributable to each 
individual load. 
Prior Art Approach 

Referencing FIG. 32, one prior art approach to controlling 
the feedback loop is to sense the voltage on the far side of 
the filtering conductor and adjust the voltage supplied to the 
inductor with an amplifier to correct the inductor drive 
voltage. Unfortunately, this approach still produces a lag 
between the time the amplifier increases the drive voltage/ 
current and the corresponding stabilization of the voltage at 
the CPU core. 

A New Regulation Paradigm 

While it may be true that in many analog integrated 
circuits it is impossible to predict the future demand require- 
ments of a given complex load, this is not the case with 
digital circuitry, because in general these systems are 
clocked by a known system clock generator, making their 
behavior temporally deterministic. Several preferred 
embodiments of the present invention make use of this 
observation to improve the loop regulation control of the 
overall regulation process by anticipating required increases 
in power to permit corrective measures to be taken before 
power demands require action by the regulator. In this sense, 
the current invention teaches a proactive rather than reactive 
method to regulation in the integrated circuit environment. 

This new paradigm is best illustrated by contrasting the 
architecture of FIG. 1 with the system architecture illustrated 
in FIG. 1. As stated previously, the power flow in FIG. 1 is 
from the voltage/current/power regulator (0102) to the com- 
plex load (0103), with the voltage/current/power regulator 
(0102) responsible for reacting to changes in the complex 
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load and supplying sufficient current to ensure that the 
required load operating conditions are maintained across 
variations in load characteristics. 

This technique may be contrasted by the system block 

S diagram of FIG. 33, wherein a power source (3301) supplies 
power to a fuUy integrated anticipatory regulator switch with 
foundation integrated circuit (3302). Here it can be seen that 
the anticipatory switching/linear regulator subsystem (3303) 
powers the foundation integrated circuit (FIC) (3304) as 

10 described previously in this document. 

However, the configuration of the FIC has been slightly 
modified in this application. Normally, the system clock 
generator (3311) that clocks the FIC would directly drive the 
analog/digital circuitry (3313) within the FIC via a clock 

15 distribution tree or similar apparatus. Here, however, the 
system clock generator (3311) is put through a delay gen- 
erator (3312) prior to distribution through the FIC analog/ 
digital circuiu-y (3313). The raw non-delayed system clock 
is put through an optional divider/integrator circuitry (3314) 

20 and fed to the anticipatory switching/linear regulator sub- 
system (3303) where it is used to predict the number of clock 
transitions that bave and will occur prior to their occurrence. 
By knowing when a dodc transition will occur before it in 
fact does occur, the anticipatory switching/linear regulator 

25 subsystem (3303) can preadjust the feedback controls in the 
pass device to compensate for the power that will be 
demanded by the FIC analog/digital circuitry (3313) prior to 
the demand actually occurring. This permits the feedback 
response loop of the anticipatory switching/linear regulator 

30 subsystem (3303) to be much more re^onsive than tradi- 
tional architectures as ilhistraled in FIG. 1, as well as 
reducing the amount of standby power required to maintain 
the required loop response in low power or battery powered 
applications. 

35 Exemplary Timing Sequence Diagram — Clock-Based 
Regulation 

While the exemplary anticipatory regulation scheme illus- 
trated in FIG. 33 is suflScicnt for one skilled in the art to 
practice this embodiment of the present invention, the prin- 

40 ciples of anticipatory regulation may also be taught graphi- 
cally via a timing diagram as exemplified in FIG. 34. Here 
the relationship between the system clock generator (3311) 
output (3401), the output of the delay generator (3312) 
output (3402) and the anticipatory switching/linear regulator 

45 system (3303) high current (3305) output (3403) and the 
analog/digital circuitry (3313) demand load (3404) are illus- 
trated graphically. 

Here it can be seen that the system clock output (3401) 
after passing through the delay generator (3312) is delayed 

50 in time (3411). This delayed signal will then subsequently 
trigger (3424) an analog/digital load demand (3404) coin- 
cident with the rising/falling edge of the delayed system 
clock (3402). However, prior to this load demand being felt 
by the anticipatory switching/linear regulator system (3303), 

55 the system dock output (3401) has triggered (3413) an 
adjustment in the anticipatory regulator output (3403) 
(above or below tbe baseline power level) that has been 
determined in an attempt to compensate for the fiiture 
analog/digital load demand (3404). 

60 While it is not possible to perfectly predict the fiiture 
analog/digital load demand (3404), any prediction (of the 
proper sign) will help the anticipatory switching/linear regu- 
lator system (3303) deal with load spikes that are generated 
by the analog^digital circuitry (3313). Note, however, that a 

65 wide variety of neural net, fuzzy logic, as well as analog and 
digital techniques may be utilized to refine the prediction 
scheme used to generate the antidpatory regulator output 
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(3403) adjustmenl. All of these systems merely increase the energy storage during the power conversion process. This 

accuracy of the resulting system and do not change the basic inductor is invariably placed beside the switching regulator 

premise on which the anticipatory regulation is based. circuit on a printed circuit board (PCB). 

While the timing diagram of FIG. 34 illustrates the Using anticipatory regulation, a switched mode power 

anticipatory regulation on each and every system clock s supply inductor can be mounted directly on top of the fiiUy 

output (3401) edge, one skilled in the art will quickly realize integrated anticipatory regulator/switch with foundation 

that this technique may be applied to just rising or falling integrated circuit (3302) prior to encapsulation of the entire 

clock edges, as well as to some multiple of any number of integrated circuit package. This offers some distinct advan- 

rising and/or falling clock edges as implied by the optional lages over the prior art. Specifically, the Q (quality factor) of 

divider/integrator (3314). 10 the inductor is heavily dependent on stray impedances 

Advantages to Anticipatory Regulation associated with the electrical connection with the switching 

As mentioned previously, there are several advantages to regulator integrated circuit For this reason, many integrated 

this new approach to regulation. Among these inchide the circuit manufacturers have gone to exotic surface mount 

following: packaging and similar techniques to minimize the loss 

Proactive vs. Reactive Regulation 15 components associated with the package interconnect. 

The feedback control path, being anticipatory, has a head However, there is a limit to this approach, and all of these 

start on activating circuitry necessary to meet the power techniques still demand that the package leads and bond 

requirements of the complex load (FIG. 33, 3307). In wires used in the connection process be of a relatively 

contrast, other regulation schemes require that the regulator conventional diaractcr. 

first sense the power demand based on the reduced regulator 20 In contrast, by permitting a surface mount inductor to be 

output voltage (or increased regulator current demand by the mounted directly to the top of the fully integrated anlicipa- 

load). This reactive approach can never have the bandwidth tory regulator/switch with foundation integrated circuit 

necessary to react instantaneously to peak current demands (3302) prior to encapsulation of the entire system, there is no 

by the load, and as such is inferior to a proactive approach need to deal with this lossy interconnect. Furthermore, since 

to regulation. 2S the fiilly integrated system is often encapsulated in a met- 

Load Synchronization alized ceramic package, this offers the opportunity to shield 

The anticipatory architecture described above synchro- the inductor and the entire switching regulator system and 

nizes the load power demands with actions within the thus affect a significant decrease in EMI for the overall 

regulator used to correct for loading-based power demands. system configuration. This result is a direct consequence of 

The traditional approach has been to have the switching 30 not having to connect the switching inductor via oonven- 

regulator/power converter asynchronously modulate its tional PCB interconnect as is now common in the art. 

pulse width and/or frequency to compensate for changing Deterministic Power Scheduling 

load requirements. The drawback with this design approach The teachings illustrated in FIG. 33 may be made more 

is that the PWM or frequency converter in the switching specific to applications such as digital microprocessors and 

regulator may not be able to respond fast enough to 35 the like with no loss of generality. In these circumstances, 

adequately regulate the output vohagc in periods of peak the present invention teaches that the deterministic nature of 

power loading demands. By providing an anticipatory feed- digital circuitry may be used to advantage to schedule power 

back loop to the regulator that is synchronized with future future demands just prior to their actual impact on the 

power demands, there is never any issue as to whether the regulator/switch. 

regulator can respond in time to meet the future power 40 Referencing FIG. 35, this configuration of anticipatory 

demands by the complex load. regulation is structurally similar to that illustrated in FIG, 

Electromagnetic Interference 33, with the exception of the addition of a few component 

Anticipatory regulation has a unique advantage in that it system blocks within the foundation integrated circuit (FIC) 

provides the opportunity to drastically reduce the electro- (3504). Here the application is one of regulating the voltage 

magnetic interference (EMI) associated with high current 45 to a microprocessor CPU (3523). In this configuration the 

switched mode power supply systems. These systems typi- ALU instruction scheduler (3522) associated with the micro- 

cally involve the use of inductors and other PCB compo- processor CPU (3523) is augmented to emit a control word 

nents that are switched at high frequencies to supply the (3525) that is fed directly to the anticipatory switching/linear 

peak power demands of the complex load. These configu- regulator subsystem (3503). The anticipatory switching/ 

rations emit a significant amount of EMI that must be either so linear regulator subsystem uses the control word (3525) to 

filtered or shielded from the surrounding environment. increase/decrease the power output to the CPU (3523) in 

These preventative measures not only cost money, but also anticipation of the increased/decreased load presented to the 

increase the weight of portable equipment. regulator subsystem. Since the ALU instruction scheduler 

It should also be noted that due to the high clock fre- (3522) knows in advance what instructions will be per- 

quencies present in modem dligiial integrated circuits, there 5S formed and what portions of the CPU will be activated based 

would be significant problems in routing this clocking on the instructions selected, it is a relatively simple matter 

information outside the chip to feed to a discrete regulator to calculate prior to use the required increase/decrease in 

circuit. Even if such a system could be constructed, the EMI power required for upcoming CPU instructions, 
that would be generated by such a system would make it This technique may be augmented with a bus and/or 

prohibitive from a regulatory sense, and extremely expcn- 60 interrupt activity sensor (3521) which 'sniffs' bus activity 

sive to shield from an economic perspective. Therefore, with both within and/or outside of the complete integrated circuit 

current system constraction methods, this would not be a (3502) and generates clock pulses which are fed to an 

practical alternative. optional divider/integrator (3524) for use by the anticipatory 

Component Efficiencies switching/linear regulator subsystem (3503). 

With conventional switched mode power supplies as 65 Note that this information may be also integrated into the 

illustrated by the configurations of FIGS. 9-11, a reactive ALU scheduler to both inform the anticipatory switching/ 

component (usually an inductor) is required for temporary linear regulator subsystem (3503) via the control word 
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^25) but also regulate the performanoe of the CPU to 
moderate the overall power consumption to some average 
acceptable level. It is important to realize that io some 
circumstances where power consumption is of paramount 
importance, some speed tradeoffs in the short term may be $ 
acceptable to achieve this overall goal of power efSdency. 
By integrating the power sensing and generating functions io 
this manner, it is possible for the system to be tailored to a 
given perfonnance level based on a desired power use curve. 
For example, a user of a laptop computer might well be 
willing to live with a reduced performance level of the 
laptop computer during the last hour or so of available 
battery life if it were possible using power saving techniques 
to extend the useful life of the last hour to four or five hours 
of use. Similarly, the user may wish to opt for a lower overall 
performance level knowing that the laptop MUST operate at 
some level for 8 houis rather than the specified 2 hour 
battery life that is available \^n operating at full power and 
CPU speed. 

In summary, it has been shown that deterministic power 
scheduling as taught by the present invention may be used 20 
to both more accurately regulate the power demands of a 
given analog or digital circuit but also permit intelligent 
planning of how power is to be used within an integrated 
circuit environment. This integration of the power conver- 
sion function at the chip level will provide a wide variety of 25 
options not previously possible in the prior art. 
Exemplary Timing Sequence Diagram — ALU Instructbn- 
Based Regulation 

While the exemplary anlicipatory regulation scheme illus- 
trated in FIG. 35 is sufficient for one skilled in the art to 30 
practice this embodiment of the present invention, the prin- 
ciples of anticipatory regulation may also be tau^t graphi- 
cally via a timing diagram as exemplified in FIG. 36. Here 
the ALU architecture has been assumed to be a standard 
RISC based system having overlapping FETCH, DECODE, 35 
EXECUTE, and STORE sequences. 

As seen in FIG. 36, the signal transitions corresponding to 
the actual FETCH (36U), DECODE (3612), EXECUTE 
(3613) and STORE (3614) are preceded in lime by corre- 
sponding PRE-FETCH (3601), PRE-DECODE (3602), dO 
PRE-EXECUTE (3603) and PRE-STORE (3604) signals 
that are generated by pre-delay elements that are function- 
ally similar to the delay generator (3312) in FIG. 33. As in 
FIG. 34, the transition of any of the PRE-FETCH/DECODE/ 
EXECUTE/STORE signals (3601, 3602, 3603. 3604) causes 45 
the anticipatory regulator output (3605) to be increased as 
exemplified by the link (3615). This increase in regulator 
output precedes and attempts to compensate for the CPU 
load demand (3606) triggered by the ALU instruction func- 
tion as exemplified by the link (3616). so 

One skilled in the art will recognize that any number of 
CPU and/or ALU digital transitions may form the basis for 
the decision space utilize by the anticipatory regulator 
output (3605) in making the adjustment of regulator power 
output in response to fumre system demands. Furthermore, 55 
it is also dear from this methodology that one function of the 
anticipatory regulator in this circumstance might be to 
modulate die CPU clock rate to maintain an oplimimi (or 
minimum) power dissipation for the entire computer system. 
In this manner it is feasible for the ALU cycle (FETCH, 60 
DECODE, EXECUTE, STORE, etc.) to be delayed as 
needed to meet this requirement. It is anticipated that this 
processor speed throttling may occur via modulation of the 
CPU clock rate, or by insertion of wait states within the ALU 
pipeline, and/or migration of some system components to 65 
full static DC conditions to conserve scarce battery 
resources. 
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Integrated AC and Hi^- Voltage Supply Conversion 
Overview 

There exist a wide variety of applications in which 
integrated circuits are interfaced directly or indirectly to an 
AC power source. In these applications it is often burden- 
some to implement a fully regulated power supply \o support 
the integrated circuit, and additionally space constraints may 
make this impractical. This scenario will now be discussed 
in detail, especially with reference to fully integrated digital 
systems that operate directly firom AC power sources. 

Referencing FIG. 37, a typical AC power application 
includes an AC power source (3701) whidi is then isolated 
and voltage converted using a transform^- (3702), rectified 
using a full-wave or half-wave bridge rectifier (3703), 
filtered by a capacitor (3704), regulated by a voltage regu- 
lator (3705), and deooupl«] using yet another filtering 
capacitor (3706). The regulated DC output is then available 
at the output of the voltage regulator (3707) for use with any 
number of analog and/or digital integrated circuit loads 
(3708). 

Almost without exception, this circuitry is implemented 
using discrete components on a printed circuit board and 
poses problems from several respects. First, the space 
requirements in many cases restrict the available area for 
this circuitry. Second, the AC transformer (3702) is often 
bul^ and adds significant weight to the system. Third, the 
voltage regulator (3705) consumes power irrespective of any 
dram on the power supply terminals (3707). Finally, the AC 
transformer (3702) consumes power due to finite coil resis- 
tance inrespective of whether there is any load (3708) at the 
power supply terminals (3703). All of these are minor 
disadvantages but in the long run result in significant power 
waste in these systems. 

While the industry has sought options to this basic design, 
there arc little if any viable alternatives given the current 
process technologies. The basic problem is twofold. First, 
the integrated circuit load (3708) present at the power supply 
output terminals (3707) demands that DC current be 
provided, and additionally, that this current be stable and 
regulated to a low voltage suitable to prevent oxide punch- 
through and damage to the integrated circuit. 
An Integrated Regulation Solution 

The present invention teaches that the conventional 
design in FIG. 37 can be modified to be fully integrated 
within the integrated circuit load. This can be accomplished 
by judicious use of Chen-style pass devices and Chen-style 
diode structures (or their functional equivalents). This 
improvement over the prior art is significant because for the 
first time it is now possible to completely eliminate extra- 
neous power supply circuitry and connect the integrated 
circuit directly to the AC power source. 

Referencing FIG. 38, and exemplary embodiment of this 
concept is presented. Note that the bridge rectifier has been 
replaced in this simple example with a siiigle Chen-style 
high voltage diode structure (3803). The filter (3804) and 
decoupling (3807) capacitors are fabricated using metal 
plate structures with thick field oxide or some other suitable 
dielectric with a high breakdown voltage rating. Since 
Chen-style high voltage pass devices may be utilized in 
constructing the voltage regulator (3804), there is no worry 
with respect to junction breakdown within these devices 
during use. Thus, it is possible to construct systems in which 
standard 120VAC line current may be used directly to power 
the integrated circuit, without special processing beyond 
proper fabrication of the Chen-style active semiconductor 
devices. 

Within the context of this application it is especially 
significant to note that the voltage regulator (3804) can take 
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on a wide variety of implementation. Cram a simple linear information appliance system-on-a-chip configurations, but 
pass device regulator to a full DC-DC switching power the level of integration has to date generally precluded the 
converter. Therefore, it is possible to fabricate an integrated integration of power switching devices on-chip, 
circuit using the teachings of the present invention that The present invention as applied to this problem solves 
incorporates a topside/bottomside regulator/switch function s these problems by permitting a full iniegralion of the net- 
that include a fuUy integrated AC-to-DC-to-DC conversion work controUer, microprocessor supervisor, and power man- 
system. In this preferred embodiment, AC line current (or agemcnt functions. As illustrated in FIG, 39, an appliance 
any other AC source) is converted to DC high voltage, which control system network integrated circuit (3900) fully intc- 
is then power-converted using a DC-DC converter to the grating these functions is possible. Here the AC line source 
desired regulated DC voltage for use with the foundation lO (3901) is DC isolated (3902) from a network interface 
integrated circuit (FlC). (3903) that provides access to a microprocessor supervisor 
The type of capability presented by this application has a (3904). This microprocessor supervisor (3904) can activate 
wide variety of uses, e^ecially in situations where logging one or more power switches (3906) that control the function 
of data must take place in remote areas where only raw of the household appliance (3909). The system may also 
120VAC line power or otherAC power is available, or where 15 incorporate an optional user interface (3905) and external 
the line voltage is erratic or of varying voltages and/or user display (3907) and/or keyboard control input (3908), 
frequencies. The system as presented also has the capability Automotive Applications 

to incorporate power factor correction lo ensure that appli- The present invention is uniquely adapted to integration in 

cable utility regulations regarding reactive loading arc fol- automotive applications because of the high level of inte- 

lowed. 20 gration possible with the disclosed integrated circuit topol- 

AC Power Capacitive Coupling ogy. While a plethora of applications in the automotive 

Referencing FIG. 38, it should be noted that within the environment are possible, it is instructive to look at an 

context of this application it is possible to dispense with the exemplary automotive application lo illustrate the power of 

AC transformer (3802) in many applications. The primary the present invention. 

purpose of the AC transformer in many applications is one 2S Referencing FIG. 40, a typical modem day application for 

of safety, to prevent potentially hazardous AC line voltages power switching in automobiles is in an integrated ABS 

at the integrated circuit load (3808). (anti-lock brake system) control system (4O00), Here we can 

However, it is possible to use thick field oxide and metal see that the automobile (4008) has one or more brake/wheel 
plate capacitors (3810) lo functionally replace the AC trans- assemblies (4009) that are activated to brake based on a 
former (3802) and isolate the rectifier circuitry of the present 30 brake actuation control from a power switch (4006). This 
invention from direct electrical contact with the incoming power switch would normally be implemented via use of a 
AC line. Since many integrated circuit loads only require a power MOSFET that was controlled by a separate micro- 
few microamperes of current to operate, the amount of processor integrated circuit. In this example, the micropro- 
capacitor plate area required to implement this isolation cesser (4004) and the required A/D converter (4005) to 
medium is modest. 35 convert wheel spin information from the brake/wheel assem- 

As an example, consider an integrated circuit that requires bly (4009) is integrated on the same integrated circuit using 

1 microampere of DC current at 5V for proper operation. the teachings of the present invention. Furthermore, a net- 

This equates lo 5 microwatts of power dissipation. Assum- work interface (4003) and associated isolation means (4002) 

ing a 120 VAC RMS power source, this would require an may be integrated onto the same integrated circuit to provide 

equivalent series impedance of R=V*/P=2.88 GQ. This 40 access via a system bus (4001) for communication with 

capacitive reactance is given by the relation Z-l/(2nfC), so other brake/wheel control systems, automotive diagnostic 

a 2.88 GQ impedance requires a single ended capacitance computers (4007), etc. 

value of approximately 1 picofarad, a value that is easily The real benefits of this configuration as applied to the 

fabricated usic^ even thick field oxide. automobile are many, but basically center around reliability, 

Applications 45 functionality, and cost. The system as shown can be made 

Smart Consumer Appliances much more reliable than conventional ABS systems because 

The present invention when applied to integrated AC and the components can be localized right at the brake/wheel 

high-voltage supply conversion is envisioned to have wide assembly rather than being remotely controlled by a central 

application to emerging 'smart' consumer appliance mar- computer. Should one portion of the system fail, there is a 

kets. It has long been posited that the home of the future will so potential for a duplicate ABS component to lake control and 

have a plethora of interconnected household appliances that recover braking control. The functionality of this system can 

are interconnected in an intelligent network that may be be made greater than that of existing AfiS systems since the 

centrally or remotely controlled by the homeowner. control loop from the braking system to the control micro- 

However, few practical systems have been put forth to processor is both direct and without potential for connector 

implement such a system. 55 malfunction. The cost of this system can obviously beat any 

The major hurdle in implementing these sorts of systems discrete implementation, since the cost of printed circuit 

is not one of functionality, but rather integration level and board (PCB) is approximately Sl/in^. Reducing the oompo- 

assodated cost For example, it is now possible to generate ncnt count in Ibis situation definitely saves overall system 

local area networks which use the house wiring in a home as cost. 

the communications medium, but to do so requires a net- 60 The above example is only one small portion of the 

work controller, interface circuitry, a separate application pool available in the automotive market for the 

microprocessor, and other controller functions. The sum present invention. Other applications, such as smart fiiel 

total cost of these components exceeds the price threshold of pumps, windshield wipers, door locks, window controls, 

functionality that homeowners arc willing to pay. seat position adjusters, ignition control systems (both multi- 

Furthermore, no existing process technology has been able 65 cylinder control and individual cyUnder control), among 

to integrate these Unctions on a single die at a reasonable others are possible using the teachings of the present inven- 

cost. As illustrated in FIG. 31, there do exist a variety of lion. The key advantage of the present invention in these 
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applications is that the control for most systems can be lion of (he bigh-voltage interface circuitry with the control 

reduced to a five-wire harness having POWER, GROUND, logic of a UART, etc. has eluded modern chip manufactur- 

COMMUNICATION, SENSOR INPUT, and CONTROL ers. However, the present invention can take this integration 

OUTPUT functions. The POWER and GROUND conncc- two steps farther by integrating the RS-232 interface, the 

tions supply power supply connections for the controller IC 5 UART function, the microprocessor supervisor, and the 

and the device being powered. The COMMUNICATION power output svnlch drivers all on a single integrated circuit, 

connection provides for a network interface (4003) connec- This would never be possible/practical using the technology 

tion via an isolation means (4002). The SENSOR INPUT posited by Maxim for their combined RS-232 and UART 

permits some analog function to be digitized for use by the functionality. 

embedded microprocessor supervisor (4004), wbile the lO Finally, as just mentioned, tbe present invention permits 
CONTROL OUTPUT is a high current drive output permit- both the reception and regulation/switching of power 
ting power switching (4006) of some external load. Given devices by the serial interface circuitry. Thus, the level of 
the teachings of the present invention, the construction of integration using the present invention with existing serial 
such a generic automotive control system is within the interfaces permits direct control of power devices on the 
ordinary skill of one in the IC design arts. 15 same integrated circuit chip that contains the serial interface 
Finally, it must be mentioned that with the advent of and microprocessor supervisor control circuitry. This level 
electric cars and the increased pressures on the electrical of integration has been wanting in the personal computer 
systems of conventional gasoline combustion and diesel market and has severely limited both the low power opera- 
automobiles, there is a concerted effort in the automotive tion of many products as well as the minimum PCB area 
industry to increase the standard battery voUage in aulomo- 20 required for a given computer system implementation. With 
biles from the current +12V systems to a +48V system. the present invention, it is now entirely possible to build a 
While this increase makes sense from a power distribution complete personal computer (including serial interface 
perspective (note that the power lost in a battery cable is circuitry, bus drivers, etc.) on a single chip, 
proportional to the battery voltage drop through the cable Fully Integrated Power Factor Correction 
squared divided by the cable resistance), this presents some zs One anticipated application for the present invention is 
significant problems with future automotive electronics the integration of power control circuitry into 'smart' power 
designs. Higher levels of electronics integration (according factor correction circuitry. There are currently a variety of 
to the prior art) invariably dictate reductions, not increases 3-terminal devices available that when surrounded with a 
in power supply voltage. Furthermore, the increased supply variety of discrete components can support a power factor 
voltages associated with electric cars and the like will dictate 30 correction system. The present invention permits all of this 
a continued separation of the power regulator/switching circuitry to be integrated on a single integrated circuit and 
functions and the associated microprocessor supervisors that thus drastically reduce the cost and increase the reliability of 
control their operation. This results in increased automobile these systems. 

weight, already a serious issue with electric automobiles. Integrated Video Deflection Drivers/Amplifiers 
Obviously, another approach is wanting in this application 35 The mixed-voltage nature of the present invention permits 

area, and the present invention fits neatly with existing the direct support of high-voltagc video deflection drivers in 

technologies and the future needs of the automotive industry conjunction with electronics that might serve as an interface 

to bridge the gap from existing discrete control systems to a to the 'digitar world. Prior to the present invention, the 

fully integrated environment. integration of these functions would be unheard of, as the 

Exlension/Integralion of Existing Serial Bus Topologies 40 disparity in voltage and current demands would require the 

It should be mentioned at this point that there currently use of integrated circuits fabricated with wildly different 

exist a wide variety of serial bus topologies on the market, process parameters, 

such as RS-232, RS-422, Dallas Semiconductor 1-wire Summary 

(www.dalsemi.com; www.ibutlon.com), FireWire, SPI, The significant hurdle breached by the present invention 

USB, Ethernet, cable modem, to name just a few exemplary 45 in this application is that all of the functionality illustrated in 

standards. There are two preferred exemplary embodiments (3900, 4000) can be incorporated on a single integrated 

of the present invention that deal specifically with these and circuit, saving both space and cost when implementing this 

similar serial communication systems. functionality. The full integration of the power sv*ntch and/or 

First, these systems invariably need a power regulator/ regulator (3906, 4006) devices (typically using Chen-style 

switch function as the driver for tbe serial communicatioo so pass devices) both reduces the cost of the overall system and 

interface. These drivers typically must be robust and able to permits tbe system to be implemented in situations where 

source and/or sink significant amounts of current with rapid space is at a premium. Note also that a significant advantage 

slew rates. Additionally, these devices must have significant of the topolo^ illustrated m FIGS. 39-40 is that Ihe 

BSD protection to protect them in the event of electrostatic standard Ainctionality associated with a power regulator 

discharge events. Unformnately, the communication a^ects 5S module can also inoorporale a full microprocessor control 

of these interfaces makes the integration of these devices function at substantially the same system cost. Thus, the 

expensive and problematic from a reliability standpoint. The system as illustrated can be substimted for conventional 

present invention solves this problem in many circumstances power supply designs for existing household appliances 

by utilizing robust Chen-style structures as the serial inter- (such as clock radios and other electronics) and at the same 

face elements. These devices can provide superior ESD 60 time permit these devices to communicate via household 

protection characteristics as compared to conventional lat- wiring networks to other nodes on the network within the 

cral MOSFET structures, and arc thus ideally suited for house. 

these serial interface applications. While the technology to implement house wiring net- 
While one manufacturer (Maxim Integrated Products, works is well known in the art, the capability lo integrate this 
http://www.raaxim-ic.com) has announced a RS-232 inter- 65 functionality on a single integrated circuit has been lacking 
face complete with integrated UART, this combination of in the prior art. The present invention solves this problem 
functionality is somewhat unique in the industry, as integra- and in doing so reduces the cost of this system to a level that 
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will pennit penelration of this technology into markets that Additionally, the present invention permits integration of 

are heretofore have not been reached due to economic high voliage switches within the context of low voltage 

considerations. digital systems, a feature that cannot be duplicated using the 

Finally, the present invention provides for a degree of pnor art. 

integration that has been lacking in automotive systems. It is 5 Claims 

a given that with the increasing sophistication of automo- Aithoughapreferredembodimentof the present invention 

bUesandtheirmtegrationofpowercontrolfnnctions.t^ been ilhistrated in the accompanying Drawing, and 

of the present mvention w,U be a welcome addiUon to the ^^^^ ^ ^ ^^^^^ Description, it will be 

design suite for automobile designers. understood that the kvenUon is not limited to the embodi- 

Conclusion ments disclosed, but is capable of numerous rearrangements, 

A versatUe integrated voUage/cuxrent/power regulator/ modificaUras, and subsUtutions without departing from the 

switch system and method have been presented that provides ^V^^^ ?f the mvention as set forth and defined by the 

superior regulation/switching performance as compared to followmg claims. 

the prior art while simultaneously reducing the cost of the ,5 ^ claimed is: .... 

integrated circuit as fabricated. In contrast to the prior art's 1- An mtcgratcd voltagc/current/power regulator/switch 

slavish use of lateral pass devices in regulator/switching system comprismg: 

circuits, the present invcnUon spcdficaUy teaches that these (a) one or more integrated pass device(s) having one or 

devices and their associated control circuiu-y may be fabri- more mctalized base plate(s); 

cated on top of or on the bottom of the foundation integrated 20 0^) * foundation integrated circuit (FIC) having one or 

circuit, which may essentially be any integrated circuit more meialized power interconnection layers); 

requiring this functionality. (c) one or more insulating layer(s) between said pass 

As has been demonstrated by the exemplary invention device(s) and said foundation integrated circuit; and 

embodiments concerning integrated high voltage and (d) one or more substantially vertical metal interconnect 

AC-driven power supplies and appliance monitoring and 25 (s); 

control networks, the present invention permits a heretofore wherein 

unheardof level of integration, in that it permits high voltage said integrated pass device is proximal to and placed 

devices such as the Chen-style pass devices to be integrated vertical to said foundation integrated circuit; 

within the same integrated circuit die as low voltage micro- said vertical metal interconnect(s) connects said met- 

processors. As will be appreciated by one skilled in the art, 30 alized power interconnection layer(s) to said metal- 

this functionality is highly desirable in a wide variety of ized base plate(s); and 

communications and networking circuits wherein the net- said integrated pass device regulates and/or switches 

work interface typically requires high voltage capability, yet power to said meialized power interconnection 

the computational part of the system dictates the use of low layer(s) via said vertical metal interconncct(s) 

power supply voltages and high power supply currents. The 35 through said metalized base plate(s). 

present invention makes this integration possible and opens 2. The integrated voltage/current/powcr regulator/switch 

up wide avenues for true system-on-a-chip integration in system of claim 1 wherein said integrated pass device is 

areas which have eluded attack using conventional methods, horizontally integrated. 

such as single-chip disk drive controllers, Tl and associated 3. The integrated volt age/cur rent/power regulator/switch 

telecommunications interfaces, and integration of full do system of claim 1 wherein said integrated pass device is 

RS-232/422 interfaces on microprocessor/microcontroller vertically integrated. 

circuits, among others. As demonstrated by the examples 4. The integrated voltage/current/power regulator/switch 

provided in this document, the power conU-ol of external system of claim 1 wherein said integrated pass device is a 

devices with MOSFET switches and the like is invariably Chen-style device. 

accompanied in modern systems with some form of intelli- 45 5. The integrated voltage/currcnt/power regulator/switch 

gent control function. To date these functions have been system of claim 1 wherein said integrated pass device 

separately packaged. The present invention has as a major comprises a MOSFET, 

accomplishment providing the capability to fully integrate 6. The integrated voltage/current/power regulator/switch 

both power switching/regulation and the intelligent control system of claim 1 wherein said integrated pass device 

functions on a single integrated circuit. 50 comprises a BJT. 

Finally, it should be mentioned that the present invention 7. The integrated voltage/current/power regulator/switch 

has particular application in local regulation of power supply system of claim 1 wherein said integrated pass device 

voltages to both support a wider variety of mixed-signal regulates the current passing through said metal interconnect 

designs, but also attack a very serious and impending (s). 

dilemma facing digital designers. With the dropping of 55 8. The integrated vollagc/curren!/power regulator/switch 

supply voltages for digital designs and the corresponding system of claim 1 wherein said integrated pass device 

increase in switching and crowbar currents in these designs, regulates the voltage at said metal interconnect(s). 

a new level of performance in power switching and rcgu- 9. The integrated voUage/current/power regulator/switch 

lation will become necessary for future digital designs to system of claim 1 wherein said integrated pass device 

take advantage of scaling in technology feature sizes in fiO regulates the output power flowing through said metal 

accordance with Moore's Law. Current power regulation interconnect(s). 

and power conversion technology cannot support the 10. The integrated vohage/current/power regulator/switch 

required peak current loads without significantly increasing system of claim 1 wherem a capacitor is electrically con- 

the die size to the point that the chip design becomes nccted to said pass device and integrated, fabricated, or 

uneconomical. The present invention presents a clear and 65 attached on the surface of said pass device, 

elegant method of solving this problem both within current 11. The integrated vollage/current/power regulator/switch 

process technologies and for the foreseeable future. system of claim 1 wherein an inductor is electrically con- 
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nected to said pass device and inlegraled, fabricated, or 
attached on the surface of said pass device. 

12. An integrated voltage/cuirent/power regulator/switcb 
method comprising: 

(a) fabricating a foundation integrated circuit (FIC); ^ 

(b) forming an insulating layer on said FIC & optionally 
planarizing said insulating layer; 

(c) printing a mask for power supply contacts on said FIC; 

(d) optionally forming a barrier and/or adhesion layer fihn 
oo said FIC power supply contacts; 

(e) forming a conductive material over said power supply 
contacts to fill void(s) and create substantially vertical 
interconnect(s); 

(Q continuing to form a conductive material over said 
insulatbg layer and said filled void(s) to create a 
metalized base plate and/or power supply baclq>lane; 

(g) aligning/exposing/etching said metalized base plate to 
create regulator/switch islands; 

20 

(h) filling voids between said blands with an insulatii^ 

material; and 

(i) fabricating a regulator/switch on top of said regulator/ 
switch islands. 

13. The integrated voltage/currenl/power regulator/switch 25 
method of claim 12 wherein top/bottom orieDtations are 
reversed and said steps are reversed such that said founda- 
tion inte^ated circuit is fabricated on top of said regulator 
switch. 

14. The integrated voltage/curient^wer regulator/switcb 30 
method of claim 12 wherein said insulating layer comprises 
silicon dioxide. 

15. The integrated voltage/current/powcr regulator/switcb 
method of claim 12 wherein said adiesion deposition step 
comprises a titanium film and trinitride etch. 35 

16. The integrated voltage/current/power regulator/switch 
method of claim 12 wherein said conductive material com- 
prises tungsten (W). 
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17. The integrated voltage/current^ower regulator/switch 
method of claim 12 wherein said conductive material com- 
prises copper (Cu). 

18. The integrated vollage/current/power regulator/switch 
method of claim 12 wherein said conductive material com- 
prises aluminum (AI). 

19. The integrated voltage/curreot/power regulator/switch 
method of claim 12 further comprising the fabrication and/or 
attadunent of a capacitor and/or inductor on top of or on the 
bottom of said regulator/switch. 

20. An integrated drcuit system comprising: 

(a) a foundation integrated circuit (FIC) comprising ana- 
log and/or digital circuitry having a clock input; 

(b) a system clock generator having clock output; 

(c) a delay generator having input and output; 

(d) an optional divider/integrator having input and output; 

(e) an anticipatory switching and/or linear regulator sub- 
system having clock input and regulated output; 

wherein 

said system clock generator output is connected to said 
input of said delay generator and to said input of said 
optional divider/integrator; 
said output of said delay generator is connected to said 
clock input of said analog and/or digital circuitry of 
said FIC; 

said output of said optional divider/integrator is con- 
nected to said clock input of said anticipatory switch- 
ing and/or linear regulator subsystem; 
said power output of said anticipatory switching and/or 
linear regulator subsystem provides power to said 
FIC; and 

said anticipatory switching and/or linear regulator sub- 
system modulates said power output in response to 
and/or in anticipation of said clock input. 
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